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ABSTRACT
V a r io u s  a r o m a t ic  io d in a t i o n  m e th o d o lo g ie s  h a v e  been  e x am in ed , 
w it h  r e g a r d  t o  th e  in c o r p o r a t io n  o f  r a d io is o t o p e s  o f  io d in e  i n t o  
p h a r m a c e u t ic a l m o le c u le s .
The t h e s is  i s  d iv id e d  i n t o  s i x  c h a p t e r s  : -
C h a p te r  One p r e s e n ts  a  l i t e r a t u r e  s u rv e y  o f  a p p l ic a t io n s  
o f  io d in e  is o to p e s  i n  n u c le a r  m e d ic in e , and  a n  o v e r v ie w  o f  th e  
m e th o d o lo g ie s  w h ic h  h a v e  been  u sed  t o  in c o r p o r a t e  io d in e  is o to p e s  
i n t o  a r o m a t ic  s y s te m s .
S ub seq u en t c h a p te r s  d e s c r ib e  w o rk  c a r r i e d  o u t  i n  s p e c i f i c  
a r e a s . Io d in a t io n  via  t h a l l i a t i o n  an d  m e r c u r ia t io n  i s  d e a l t  w i th  i n  
C h a p te r  Two, w h i le  C h a p te r  T h re e  i s  c o n c e rn e d  w i t h  some o x id a t iv e  
i o d in a t i o n  r e a c t io n s ,  p r i n c i p a l l y  th o s e  due t o  R a d n e r and S ug iyam a. 
The o x id a t io n  o f  io d in e  b y  e le c t r o c h e m ic a l  means i s  th e  s u b je c t  
o f  C h a p te r  F o u r, w h ic h  d e s c r ib e s  e x p e r im e n ts  c o n d u c te d  w i t h  th e  
r e a c t i v e  p o s i t i v e  io d in e  s p e c ie s  so  p ro d u c e d . T h is  w o rk  i s  e x te n d e d  
i n  C h a p te r  F iv e  b y  u s in g  e le c t r o c h e m ic a l ly  g e n e r a te d  p o s i t i v e  
io d in e  i n  th e  d e m e t a l la t io n  o f  s i l y l a t e d  a re n e s .
In  th e  f i n a l  c h a p te r ,  C h a p te r  S ix ,  th e  u t i l i t y  o f  th e
e le c t r o c h e m ic a l  m ethod i s  f u r t h e r  e x a m in e d  b y  a p p ly in g  i t  t o  some
s u b s t r a te s  o f  b i o l o g i c a l  s ig n i f i c a n c e .  G e n e ra l c o n c lu s io n s  a re  th e n  
made, c o n s id e r in g  a l l  th e  v a r io u s  i o d in a t i o n  te c h n iq u e s .
(ii>
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CHAPTER ORE
S u rv e y  O f A ro a ia t ic  l a d i n a t i a n  And R a d i o ic d i  n a t io n
The i n i t i a l  p u rp o s e  o f  t h i s  w o rk  was t o  d e v e lo p  m ethods  
f o r  th e  r e g io s p e c i f i c  in c o r p o r a t io n  o f  h a lo g e n  is o to p e s  i n t o  
p h a r m a c e u tic a l m o le c u le s . A t an  e a r l y  s ta g e  i t  was d e c id e d  t o  
c o n c e n tr a te  on io d in e ,  more s p e c i f i c a l l y ,  Dn a r o m a t ic  io d in a t i o n .  A 
s u rv e y  o f  r e c e n t  l i t e r a t u r e  s u g g e s te d  t h a t  th e  is o to p e s  o f  io d in e  
w ere  am ongst th e  most w id e ly  u sed  i n  n u c le a r  m e d ic in e . 1 -3  The la c k
o f  e f f i c i e n t  and r e g i o s p e c i f i c  m ethods f o r  th e  p r e p a r a t io n  o f
ia d o a ro m a t ic  compounds, to g e t h e r  w i th  th e  s y n t h e t ic  u t i l i t y  o f  non­
r a d io a c t iv e  io d o  compounds, w e re  f u r t h e r  re a s o n s  f o r  fo c u s in g  th e  
s tu d y  on io d in a t io n .  The io d in a t i o n  o f  a r o m a t ic  compounds was 
s tu d ie d  in  p r e fe r e n c e  t o  t h a t  o f  a l i p h a t i c  com pounds, as  th e  a r y l -  
io d in e  bond i s  g e n e r a l ly  le s s  s u s c e p t ib le  t o  c le a v a g e  in  vivo.
Many is o to p e s  o f  th e  h a lo g e n s  f i n d  a p p l i c a t i o n  i n  n u c le a r  
m e d ic in e . F lu o r in e - 1 8  i s  used  e x t e n s iv e ly  i n  th e  im a g in g  te c h n iq u e  
known a s  P o s i t r o n  E m is s io n  Tom ography (P E T ) . T h is  in v o lv e s  th e  use  
1sF - l a b e l l e d  a g e n ts  w h ic h  b in d  a t  s p e c i f i c  s i t e s  i n  th e  body. The  
r a d i a t i o n  e m it te d  by 1<3F  i s  s u f f i c i e n t l y  e n e r g e t ic  t o  be d e te c te d  
e x t e r n a l l y ,  an d , by u s in g  a  s u i t a b l e  a r r a y  o f  c a m e ra s , im ages  can  
be b u i l t  up fro m  th e  l o c a l i s a t i o n  o f  th e  is o to p e .  F lu o r in e - 1 8  h as  
a r e l a t i v e l y  s h o r t  h a l f - l i f e  o f  1 0 9 . 8  m in s . , th u s  th e  l a b e l l i n g  o f
im a g in g  a g e n ts  p r e s e n ts  a  c o n s id e r a b le  s y n t h e t ic  c h a l le n g e .  Im p ro ved  
m e th o d o lo g ie s  a r e  c o n s t a n t ly  b e in g  s o u g h t a s  th e  is o to p e  becom es  
in c r e a s in g ly  p o p u la r .  F lu o r in e - 1 8  i s  a  p o p u la r  l a b e l  b y  v i r t u e  o f  
i t s  s m a ll s i z e  (a lm o s t i s o s t e r l c  w i t h  h y d ro g e n ) and  b ecause  o f  
th e  s t r e n g th  and in vivo  s t a b i l i t y  o f  th e  c a rb o n  -  f l u o r i n e  bond.
- 1 -
1.1 Introductory Remarks,
re m a in  l a r g e l y  u n e x p lo re d . S e v e r a l  is o to p e s  h ave  s u f f i c i e n t l y  lo n g  
h a l f - l i v e s  t o  be used a s  t r a c e r s ,  e . g .  3SC1 -  3 7 . 2  m in s . , 3 9 C1 -  57
m in s . I t  i s  how ever m e ta s ta b le  c h lo r in e ~ 3 4  w h ic h  i s  p e rh a p s  th e
most i n t e r e s t i n g . 4 I t  i s  a  p o s i t r o n  e m i t t e r  w i t h  a  h a l f - l i f e  o f  
32  m in s . w h ich  c o u ld  p o s s ib ly  f i n d  a p p l ic a t io n  i n  PET s t u d ie s .  The
p r i n c i p a l  re a s o n  f o r  th e  p a u c i t y  o f  d a ta  on 34mC l i s  t h a t ,  u n t i l
r e c e n t l y ,  no m ethod f o r  i t s  p ro d u c t io n  a f f o r d e d  s u i t a b l e  q u a n t i t i e s  
f o r  use i n  r e s e a r c h  o r  c l i n i c a l  e v a lu a t io n .
The is o to p e s  o f  b ro m in e  c o v e r  a  w id e r  ra n g e  o f  n u c le a r  
p r o p e r t ie s  th a n  th o s e  o f  c h lo r in e  and  h ave  b een  u sed  much more
e x t e n s iv e ly .  B ro m in e -7 5  i s  a  p o s i t r o n  e m i t t e r  w i th  a  h a l f - l i f e  o f
1 .6  h o u rs  w h ich  h as  b een  u sed  as  a  t r a c e r .  B ro m in e -7 7  i s  a
e m i t t e r  (2 3 9 , 521  k e ¥ ) w i t h  a  h a l f - l i f e  o f  5 6  h o u rs  w h ic h  h a s  been  
em ployed  f o r  some i n  vivo  a p p l ic a t io n s .  M u c le a r  r e a c t io n s  le a d in g  
t o  ^ T B r, and th e  p r e p a r a t io n  and  a p p l ic a t io n s  o f  ^ B r - l a b e l l e d
r a d ia p h a r m a c e u t ic a ls  h ave  b een  re v ie w e d  b y  S t o c k l i n . 2
I t  i s  how ever t h e  is o to p e s  o f  io d in e  w h ic h  have  fo u n d  
th e  m ost w id e s p re a d  u se  i n  th e  f i e l d  o f  n u c le a r  m e d ic in e . T h e i r  
a p p l ic a t io n s  a r e  d is c u s s e d  i n  d e t a i l  i n  S e c t io n  1 . 2 .
F o r r a d i o l a b e l l i n g  p u rp o s e s , th e  is o to p e s  o f  io d in e  have  
b o th  a d v a n ta g e s  and  d is a d v a n ta g e s  o v e r  c a rb o n -1 4  o r  t r i t i u m .  The
r e l a t i v e l y  s h o r t  h a l f - l i v e s  a l lo w  th e  p o s s i b i l i t y  o f  a t t a i n i n g  much 
h ig h e r  s p e c i f i c  a c t i v i t i e s  (T a b le  1 , 1 ) .  A r e s u l t  o f  t h i s  i s  t h a t  
v e r y  s m a ll am ounts o f  r a d io i o d i n a t e d  m a t e r ia ls  g iv e  v e ry  h ig h
c o u n t r a t e s  and can  be used  i n  v e ry  s e n s i t i v e  a s s a y s .
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Table 1.1 : Properties of Commonly TJsed Radioisotopes (from ref. 5)
Is o to p e  H a l f - l i f e  Max. S p ec . A c t.
3 H 1 2 . 2  y  2 9  C i m m ol-1
14C 5 6 0 0  y  6 2  mCi mmol-1
12S I  60  d 2 0 0 0  C i mmol-1
1 3 1 1 8 d 2 6 0 0  C i m m ol-1
A n o th e r a d v a n ta g e  o v e r  c a rb o n -1 4  an d  t r i t i u m  i s  e a s e  o f
d e t e c t io n .  Io d in e  is o to p e s  a r e  ^ - e m i t t e r s  and  th u s  can  be c o u n te d
d i r e c t l y ;  t h i s  a v o id s  th e  need  f o r  p r e p a r in g  s c i n t i l l a n t  s o lu t io n s
a s  i s  th e  p r a c t ic e  w i t h  ^ - e m i t t e r s .
The p r in c i p a l  d is a d v a n ta g e  o f  l a b e l l i n g  w i t h  io d in e  i s  
t h a t  i t  i s  u s u a l ly  a f o r e i g n  l a b e l .  R e p la c e m e n t o f  a  p ro to n  by a
b u lk y  io d in e  a tom  may h a v e  a  s i g n i f i c a n t  e f f e c t  on th e  p r o p e r t ie s  
o f  th e  s u b s t r a te .  R e a c t io n  r a t e s  may be a f f e c t e d ,  o r ,  i n  th e  c a s e  
o f  p e p t id e s ,  a c o n fo r m a t io n a l change may r e s u l t .
A n o th e r d is a d v a n ta g e  i s  a  co nseq u en ce  o f  th e  s h o r t e r  h a l f  
- l i v e s .  R a d ia t io n  d e c o m p o s it io n  o c c u rs  m ore r a p i d l y ,  io d in e  i s  l o s t  
and p u r i t y  o f  r a d i o l a b e l l e d  s u b s t r a t e s  c a n n o t be g u a r a n te e d .
The f i f t h  h a lo g e n , a s t a t i n e ,  i s  p ro d u c e d  a r t i f i c i a l l y  i n  
c y c lo t r o n  r e a c t io n s .  The lo n g e s t  l i v e d  is o to p e ,  - 10A t ,  h a s  a  h a l f  
l i f e  o f  j u s t  8 .3  h o u rs . I t  i s  how ever 211 A t  w h ic h  h a s  r e c e iv e d
th e  most a t t e n t io n .  Num erous p a p e rs  h ave  b een  p u b l is h e d  e x p lo r in g
th e  p o t e n t ia l  use o f  t h i s  is o to p e  i n  c a n c e r  t h e r a p y .6 -1  °  I t  i s  
an a - e m i t t in g  is o to p e  w i t h  a h a l f - l i f e  o f  7 . 2 1  h o u rs . The d ecay  
o c c u rs  v ia  tw o  p a th w ays ; b y  d i r e c t  o c - p a r t ic le  e m is s io n  t o  g iv e  
2 0 7 B i (42%) ,  and by e le c t r o n  c a p tu r e  t o  fo rm  th e  v e r y  s h o r t - l i v e d  
2 1 ' P o ,  w h ich  d e cays  by a - p a r t i c l e  e m is s io n  t o  2 0 7 Pb (5 8 % ). The
e n e r g ie s  o f  th e s e  tw o a - e  m is s io n s  a r e  5 . 8 7  MeV and 7 . 4 5  MeV 
r e s p e c t i v e ly ,  c o rre s p o n d in g  t o  ra n g e s  o f  55pm and  80pm i n  u n i t  
d e n s i t y  t i s s u e . ®  T h is  i s  i d e a l  f o r  d e s t r o y in g  c e l l s ,  th u s  2 1 1 A t -  
l a b e l l e d  a g e n ts  w i t h  a  h ig h  a f f i n i t y  f o r  tu m o u rs  a r e  p o t e n t i a l l y  
v e r y  u s e fu l  f o r  r a d io t h e r a p e u t ic  p u rp o s e s .
To some e x t e n t ,  th e  c h e m ic a l p r o p e r t ie s  o f  a s t a t in e  and  
i t s  compounds re s e m b le  th o s e  o f  io d in e .  Thus, a s t a t id e s  a r e  r e a d i l y  
o x id is e d  t o  m o le c u la r  a s t a t i n e ,  and  o x id a t io n  o f  th e  m o le c u le  t o  
a p o s i t i v e  s p e c ie s  p ro c e e d s  more r e a d i l y  th a n  i s  th e  c a s e  < w i t h  
io d in e .  In  t h i s  r e s p e c t ,  i t  i s  re a s o n a b le  t o  assume t h a t  th e  
o x id a t i v e  io d in a t io n  m e th o d o lo g ie s  d e s c r ib e d  i n  t h i s  t h e s is  w o u ld  
b e  b r o a d ly  a p p l ic a b le  t o  a s t a t i n a t i o n .  In  f a c t ,  t h e r e  have  been  
r e p o r t s  o f  a ro m a t ic  a s t a t i n a t i o n  by d i r e c t  e l e c t r o p h i l i c  a t t a c k 1 1 , 
v ia  d ia s o n iu m  s a l t  in t e r m e d ia t e s 12 and v i a  d e m e t a l la t io n  r e a c t io n s  
o f  s t a n n y la t e d 1 3 * 14 , m e r c u r ia te d 1 s • 1s and t h a l l i a t e d 17 d e r iv a t iv e s .
A f u r t h e r  re a s o n  f o r  fo c u s in g  t h i s  w o rk  on io d in a t i o n  
i s  t h a t  t h e r e  i s  c o n s id e r a b le  i n t e r e s t  i n  th e  p r e p a r a t io n  o f  
s im p le  io d o a ra m a t ic  com pounds. Q u i te  a p a r t  fro m  th e  i n t e r e s t  i n  
r a d i o l a b e l l e d  compounds, t h e  d e v e lo p m e n t o f  e f f e c t i v e  m ethods f o r  
i o d in a t i n g  a re n e s  i s  p a r t i c u l a r l y  w o r th w h ile  ow ing  t o  t h e i r  g r e a t  
v e r s a t i l i t y  as  s y n t h e t ic  in t e r m e d ia t e s .  Io d o a ro m a t ic  compounds can  be 
u sed  a s  p r e c u r s o r s  t o  a  w id e  ra n g e  o f  f u n c t io n a l i s e d  d e r iv a t iv e s ,  
a s  d e t a i l e d  i n  th e  r e v ie w s  o f  J f e r k u s h e v . 1 S - 13 The m ost im p o r ta n t  
r e a c t io n s  a r e  p e rh a p s  th o s e  due t o  U llm a n n  and  H eck .
The U llm a n n 20 r e a c t io n  in v o lv e s  c o p p e r p ro m o te d  c o u p l in g  
o f  a r y l  h a l id e s  (e q u a t io n  1 . 1 ) .  I t  i s  p a r t i c u l a r l y  e f f e c t i v e  when
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io d o a re n e s  a r e  used o w ing  t o  th e  good le a v in g  g ro u p  p r o p e r t ie s  
o f  io d id e .  The m echanism  i s  th o u g h t to  in v o lv e  an  a r y lc o p p e r  
in t e r m e d ia t e .
Cu
2 A r l  — ► A r - A r  11
A
F a n ta  has  w r i t t e n  s e v e r a l  r e v ie w s  on th e  r e a c t i o n . 2 1 -2 3  
I t  has  been used t o  p r e p a re  many b i a r y l s ,  b o th  s y m m e tr ic a l and
u a s y m m e tr ic a l. The p r e p a r a t io n  o f  an u n s y m m e tr ic a l b i a r y l  r e q u ir e s  
th e  use o f  tw o  d i f f e r e n t  a r y l  io d id e s ,  and hence t h e r e  e x i s t s  th e
p o s s i b i l i t y  o f  fo rm in g  t h r e e  d i f f e r e n t  p ro d u c ts . H ow ever, i n  such  
c a s e s  i t  i s  o f t e n  fo u n d  t h a t  o n ly  one p ro d u c t  i s  fo rm e d .
B ia r y l  c o u p lin g  i s  n o t  o n ly  b ro u g h t a b o u t b y  c o p p e r. 
C e r t a in  n ic k e l  co m p lexes  have  b een  shown t o  be e f f e c t i v e ,  a s  have
a c t i v a t e d  n i c k e l ,  z in c - n i c k e l  c o m p le x e s , s o d iu m  fo r m a te  /  P d -C , and  
s e v e r a l  o th e r  r e a g e n t s .24  M ost o f  th e s e  r e a c t io n s  a p p e a r  t o  be  
u n iq u e  t o  a r y l  io d id e s .  A r y la t io n  r e a c t io n s  may a ls o  he b ro u g h t  
a b o u t by p h o to c h e m ic a l means s in c e  th e  a r y l  -  io d in e  bond i s
r e a d i l y  c le a v e d  i n  a h o m o ly t ic  f a s h io n  by U . y .  l i g h t .
The H eck r e a c t io n 25  in v o lv e s  th e  a r y l a t i o n  o f  a lk e n e s  by
t r e a tm e n t  w i th  an a r y lp a l la d iu m  r e a g e n t  (e q u a t io n  1 . 2 ) .
R2C = C H 2 - ArPdX — >  R2C = C H —Ar 1 2
The a r y lp a l la d iu m  in t e r m e d ia t e  c a n  he p re p a re d  i n  s e v e r a l
w ays, one o f  w h ich  i s  th e  t r e a tm e n t  o f  th e  c o r re s p o n d in g  a r y l
io d id e  w i th  P d (D A c )2 and b a s e .
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Q th e r  uses  a f  a r o m a t ic  io d o  compounds in c lu d e  t h e i r  
c o n v e r s io n  t o  a lk y l a t e d  a r o m a t ic s  v i a  c o u p l in g  w i t h  l i t h i u m  d i a l k y l  
-c o p p e r  re a g e n ts  ( a lk y ld e i i a lo g e n a t io n ) . 26
Arl +■ R2CuLi — ► ArR 13
S i m i l a r l y ,  a lk y n e - s u b s t i t u t e d  a re n e s  may be fa rm e d  fr o m  th e  
r e a c t io n  o f  a r y l  io d id e s  w i t h  a lk y n y l  c o p p e r d e r i v a t i v e s . 27
Arl -+ RC=CCu — ► ArC=CR 14
R e c e n t ly ,  H iu r a  an d  c o w o rk e rs 29  have  d e s c r ib e d  th e  c o u p lin g  
o f  a r y l  io d id e s  w ith  t e r m in a l  a lk y n e s , u s in g  a  c o p p e r ( I )  io d id e  -  
t r ip h e n y lp h o s p h in e  c a t a l y s t  i n  th e  p re s e n c e  o f  p o ta s s iu m  c a rb o n a te .
F u r th e r  d e t a i l s  on th e s e  and many o th e r  r e a c t io n s  o f  
io d o a re n e s  can  be fo u n d  i n  H e rk u s h e v 's  r e v ie w 19 an d  M a rc h 's  
t e x t b o o k .24
An a d d i t i o n a l  use o f  r e g i o s p e c i f i c a l l y  io d in a t e d  d e r iv a t iv e s ,
and o th e r  h a lo g e n a te d  com pounds, i s  a s  p r e c u r s o r s  f o r  s i t e - s p e c i f i c  
d e u t e r a t io n  o r  t r i t i a t i o n .  D e h a lo g e n a t io n  i s  r e a d i l y  b ro u g h t a b o u t  
by  d e u te r iu m  o r  t r i t i u m  g a s , i n  th e  p re s e n c e  o f  a  base and a
s u i t a b l e  c a t a l y s t .  Much o f  th e  w ork  d e s c r ib e d  i n  C h a p te r  S ix  was
c a r r ie d  o u t  w i t h  t h i s  g o a l i n  m ind.
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N a t u r a l l y  o c c u r r in g  io d in e  i s  composed e x c lu s iv e ly  o f  th e  
is o to p e  io d in e - 1 2 7 .  H ow ever, a  s e r ie s  o f  r a d io n u c l id e s  has been  
p re p a re d  ra n g in g  fro m  mass 117  t o  mass 1 3 9 . T h re e  o f  th e s e , n am ely  
io d in e - 1 2 3 ,  io d in e - 1 2 5  and io d in e - 1 3 1  have  fo u n d  e x te n s iv e  use i n  
n u c le a r  m e d ic in e . More r e c e n t l y ,  a  f o u r t h  is o to p e ,  io d in e - 1 2 2 ,  has  
fo u n d  a p p l ic a t io n  in  PET /  SPECT* w o rk . O th e r  is o to p e s  have been  
u sed , a l b e i t  much le s s  w id e ly .  T hese  in c lu d e  th o s e  w i t h  mass 1 21 , 
1 24 , 1 28 , 129 and 132 . The p r o p e r t ie s  o f  th e  im p o r ta n t  is o to p e s  a re  
l i s t e d  in  T a b le  1 . 2 .
(?- -  SPECT = S in g le  P ho to n  E m is s io n  Com puted Tom ography)
-7-
1. .2 Isotopes of Iodine
T a b le  1 .2  : P r o p e r t ie s  o f  Im p o r ta n t  Io d in e  Is o to p e s
N u c lid e  H a l f - l i f e  D ecay Mode P r in c i p a l
"tf-em iss io ns
1 2 2 I  3 . 6 3  mi n  0 - ,  EC 511  KeV
12 3 I  1 3 . 3  h  EC 159  KeV (86% )
12SI  6 0 . 1  d EC 3 5 . 5  Ke? (100% )
131 I  8 . 0 7  d B- 3 6 4 . 5  KeV (79% )
1 . 2 . 1  I o d i n e - 125
Io d in e -1 2 5  was one o f  th e  e a r l i e s t  u sed  is o to p e s  i n  th e
l i f e  s c ie n c e s . I t  i s  a ^ - e m i t t e r  w i t h  a r e l a t i v e l y  lo n g  h a l f - l i f e  
o f  6 0 . 1  d a y s . I t s  ^ -e m is s io n s  a r e  d e s c r ib e d  a s  " s o f t "  and  a r e
r e l a t i v e l y  ea s y  t o  p r o t e c t  p e rs o n n e l fro m , w h i le  th e  lo n g  h a l f - l i f e  
i s  c o n v e n ie n t  f o r  th e  s to r a g e  and  t r a n s p o r t a t io n  o f  l a b e l l e d
preparations.23
The m a jo r  use o f  io d in e - 1 2 5  l i e s  i n  th e  f i e l d  o f  r a d io ­
im m unoassay ( R I A ) . T h is  te c h n iq u e  was d e v e lo p e d  o v e r  30  y e a rs  ago  
b y  Y a lo w  and  B erso n 30 f o r  th e  a c c u r a te  e s t im a t io n  o f  s p e c i f i c  
s u b s ta n c e s  (a n t ig e n s )  a t  p ic o m o la r  ( 1 0 " ,S:K) o r  e ven  fe n rto m o la r <10“ 1SM) 
c o n c e n t r a t io n s  i n  b i o l o g i c a l  f l u i d s .  The. re q u ir e m e n ts  f o r  R IA  a re
an  a n t is e r u m  ( a n t ib o d ie s  r a is e d  a g a in s t  th e  a n t ig e n  by i n j e c t i n g  
a n im a ls ) ,  and la b e l l e d  an d  u n la b e l le d  fo rm s  o f  th e  a n t ig e n .  The  
te c h n iq u e  depends on c o m p e t i t io n  b e tw een  th e  l a b e l l e d  a n t ig e n  and
th e  u n la b e l le d  a n t ig e n  f o r  a  f i x e d ,  l i m i t e d  am ount o f  a n t ib o d y .  
T hu s , a n t is e r u m  o f  known d i l u t i o n  i s  in c u b a te d  w i th  a  known e x c e s s  
o f  l a b e l l e d  a n t ig e n  so t h a t  a p p r o x im a te ly  h a l f  o f  th e  a n t ig e n  i s  
hound. A known am ount o f  u n la b e l le d  a n t ig e n  i s  th e n  added , w h ic h , 
by c o m p e tin g  f o r  th e  l i m i t e d  num ber o f  b in d in g  s i t e s ,  d is p la c e s
a  c e r t a i n  am ount o f  th e  l a b e l l e d  a n t ig e n .  The a n tib o d y -b o u n d  and
f r e e  a n t ig e n s  a r e  th e n  s e p a r a te d  and  e i t h e r  one, o r  b o th , o f  th e  
f r a c t i o n s  a r e  c o u n te d  ( i e .  a s s a y e d  f o r  r a d i o a c t i v i t y ) .  T h is  p ro c e d u re  
i s  r e p e a te d  a t  s e v e r a l  c o n c e n t r a t io n s  o f  u n la b e l le d  a n t ig e n ,  and  
a  c a l i b r a t i o n  c u rv e  i s  s e t  up. By r e f e r e n c e  t o  t h i s  c u rv e , th e  
c o n c e n t r a t io n  o f  a n t ig e n  i n  unknown s am p les  c a n  be e s t im a te d . The  
l a b e l l e d  and  u n la b e l le d  a n t ig e n s  do n o t n eed  t o  be i d e n t i c a l ;  th e  
re q u ire m e n t  i s  t h a t  th e y  a r e  s i m i l a r l y  re c o g n is e d  by th e  a n t ib o d y  
b in d in g  s i t e .  B ecause o f  th e  g r e a t  s e n s i t i v i t y  r e q u ir e d ,  l a b e l le d  
a n t ig e n s  n eed  t o  be p r e p a re d  a t  v e r y  h ig h  s p e c i f i c  a c t i v i t i e s .  
Io d in e -1 2 5  h a s  been  th e  is o to p e  D f  c h o ic e  f a r  t h i s  p urpo se  as  
i t  i s  a v a i l a b l e  a t  s p e c i f i c  a c t i v i t i e s  as  h ig h  a s  200 0  C i/m m o l.
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R IA  i s  not- r e s t r i c t e d  t o  i  mamma l o g i c a l l y  a c t i v e  p r o t e in s .  
A n t ib o d ie s  can  be r a is e d  a g a in s t  s m a l le r  m o le c u le s  such  as  
s t e r o id s ,  b y  c o u p lin g  th e s e  t o  im m u n o lo g ic a lly  a c t i v e  p r o t e in s .
To do t h i s ,  b r id g in g  u n i t s  a r e  r e q u ir e d .  The p r a c t i c a l i t i e s  and  
p i t f a l l s  o f  such  p ro c e d u re s  a r e  d e s c r ib e d  i n  th e  r e v ie w  a r t i c l e s
by S e e v e rs  and C o u n s e ll1 and by B o lto n 3 1 . C o m p lic a t io n s  can  a r i s e  
due to  r e c o g n i t io n  o f  t h e  b r id g in g  u n i t s ,  e t c .
Io d in e -1 2 5  i s  a ls o  em ployed  i n  th e  r e l a t e d ,  b u t d i s t i n c t
te c h n iq u e  o f  im m u n o ra d io m e tr ic  a s s a y  (IR M A ). In  t h i s  c a s e , i t  i s  th e  
a n t ib o d y , n o t  th e  a n t ig e n  w h ic h  i s  r a d i o l a b e l l e d .  C o n c e n tr a t io n s  o f  
a n t ig e n s  a r e  e s t im a te d  b y  in c u b a t in g  th e  b i o l o g i c a l  f l u i d  u n d e r  
in v e s t i g a t io n  w ith  an e x c e s s  o f  a n t ib o d y , th e n  s e p a r a t in g  a n t ig e n -
bound fro m  u n re a c te d  a n t ib o d y , and  c o u n t in g .  In  th e  p r e p a r a t io n  o f  
l a b e l l e d  a n t ib o d ie s ,  r a d io i o d i n a t io n  i s  c a r r i e d  o u t i n  th e  p re s e n c e  
o f  th e  a n t ig e n  i n  o r d e r  t o  p r o t e c t  th e  a c t i v e  s i t e .  An e a r l y  
exam p le  o f  IRMA i s  th e  w ork  o f  M i le s  and H a le s 32  w i t h  i n s u l i n .
The V -e m is s io n s  o f  io d in e - 1 2 5  a r e  to o  weak t o  be d e te c te d
o u ts id e  th e  body. Thus, io d in e - 1 2 5  does  n o t  have  a n y  a p p l ic a t io n s  
i n  im a g in g . H ow ever, i t  i s  o f t e n  used  i n  p r e l im in a r y  s tu d ie s  w i th  
im a g in g  a g e n ts  as  a t r a c e r  t o  m o n ito r  t i s s u e  d i s t r i b u t i o n .  The
lo n g e r  h a l f - l i f e  i s  a d v a n ta g e o u s  f o r  su ch  a p p l ic a t io n s .  Such s tu d ie s  
a r e  by no means r e s t r i c t e d  t o  im a g in g  a g e n ts ; th e  is o to p e  i s
used  on a b ro a d  b a s is  i n  a u to r a d io g r a p h y  and i n  i n  vivo  t i s s u e
d is p o s i t io n  e x p e r im e n ts .
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Io d in e -1 3 1  i s  a  f i - e m i t t e r  w i th  a h a l f - l i f e  o f  8 .1  d ays .
I t  has fo u n d  a p p l ic a t io n  in  r a d io t h e r a p y  w here th e  ^ - r a d i a t i o n  i s  
used  t o  d e s tr o y  m a l ig n a n t  c e l l s .  The e a r l i e s t  w o rk  i n  t h i s  a re a  
made use o f  th e  a f f i n i t y  o f  th e  t h y r o id  g la n d  f o r  io d id e  io n s .
Thus, 1 3 1 I - i o d i d e  io n s  w e re  a d m in is te r e d  f o r  th e  t r e a tm e n t  o f
t h y r o id  c a n c e r .33
As has  a lr e a d y  b een  m e n tio n e d  in  th e  c o n te x t  o f  th e r a p y
w i t h  2 1 ' A t  ( p . 4 ) f r e s e a r c h  i n  t h i s  f i e l d  i s  a im ed  a t  p ro d u c in g
compounds w h ich  c a n  d e l i v e r  th e  r a d io is o t o p e  t o  m a lig n a n t  tu m o u rs , 
w it h  maximum tum our t o  n o rm a l t i s s u e  c o n c e n t r a t io n  r a t i o s .  O th e r
c o n s id e r a t io n s  a r e  lo w  t o x i c i t y  and m in im a l in  vivo  c le a v a g e  o f  
io d in e ,  t o  a v o id  u nw an ted  t h y r o id  a c c u m u la t io n .
A r e p r e s e n t a t iv e  s u b s t r a t e  i s  ta m o x ife n  ( 5 ) ,  a  n o n - s t e r o id a l  
a n t ie s t r o g e n  em ployed  i n  th e  t r e a tm e n t  o f  b r e a s t  t u m o u r s . 13 *34  
I t s  a f f i n i t y  f o r  e s t r o g e n  r e c e p t o r s  a ls o  makes th e  r a d io io d in a t e d
m a t e r ia l  a p o t e n t ia l  im a g in g  a g e n t f o r  th e  d e t e c t io n  o f  tu m o u rs .
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1.2.2 Iodine-131
(5) (6)
T a m o x ife n  has b een  l a b e l l e d  a t  v a r io u s  a r o m a t ic  p o s i t io n s ;  
d e s t a n n y la t io n  p ro c e d u re s  (s e e  C h a p te r  F iv e )  g e n e r a l l y  r e s u l t  in  
l a b e l l i n g  ortho  t o  th e  a m in o e th o x y  s u b s t i t u e n t ,  w h i le  H u n te r  and  
S t r ic k la n d '3 4  in s e r t e d  131 I  a t  one o f  th e  o th e r  p h e n y l r i n g s  via 
a d ia z o n iu m  s a l t  in t e r m e d ia t e .
P e rh a p s  th e  m ost w id e ly  s tu d ie d  o f  a l l  131 - l a b e l l e d  r a d io -  
p h a r m a c e u t ic a ls  i s  is e ta - io d o b e n x y lg u a n id in e  <mIBG) ( 6 ) .  T h is  compound, 
an  a d r e n e r g ic  n e u r o n -b lo c k in g  a g e n t ,  was in t r o d u c e d  b y  W ie la n d  e t  
a l . 3s  i n  1 9 8 0 . I t  has s in c e  b een  shown t o  l o c a l i s e  in  many ty p e s  
o f  m a lig n a n t  tu m o u rs .3 6 ' 37’ The lo c a t i o n  o f  tu m o u rs  i s  a ls o  commonly 
p e rfo rm e d  u s in g  1 3 1 I - l a b e l l e d  m o n o c lo n a l a n t ib o d ie s .
1 . 2 . 3  I o d i n e - 123
The s h o r t  h a l f - l i f e  and 159 KeV gamma e m is s io n s  o f  io d in e -  
123 make i t  th e  is o to p e  o f  c h o ic e  f o r  many in  vivo  a p p l ic a t io n s .  
The i n t e n s i t y  o f  i t s  e m is s io n s , and th e  ab s e n c e  o f  any  p a r t i c l e  
e m is s io n s , a r e  i d e a l l y  s u i t e d  f o r  d ia g n o s t ic  Y - im a g in g . A s h o r t  h a l f  
- l i f e  re d u c e s  th e  r a d i a t i o n  e x p o s u re  t o  p a t i e n t s  t r e a t e d  w i t h  a  
r a d i  o n u c l id e .
The a d v a n ta g e s  o f  io d in e - 1 2 3  w ere  p o in te d  o u t as  e a r l y  as  
1 9 6 2 , b y  M yers  and A n g e r .33  In  th e  d e v e lo p m e n t o f  n u c le a r  m e d ic in e ,  
io d in e - 1 2 3  has  o f t e n  b e e n  d e s c r ib e d  as  e x p e n s iv e  and n o t w id e ly  
a v a i l a b l e . 3 3 * 40 H ow ever, i t  h a s  in c r e a s in g ly  r e p la c e d  i o d i n e - 1 3 1 , w h ich  
h a s  more h a z a rd o u s , s t r o n g e r  r a d i a t i o n .
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Same o f  th e  e a r l i e s t  u s e s  o f  12 3 I - l a b e l l e d  compounds w ere  
th e  e v a lu a t io n  o f  k id n e y  f u n c t io n  (re n o g ra p h y )  w i th  12 3 I - h i p p u r i c  
a c i d 4 1 , l i v e r  fu n c t io n  t e s t s  w i t h  io d in a t e d  Rose B e n g a l dye4 -  and  
m y o c a rd ia l im a g in g  w i th  lo n g -c h a in  f a t t y  a c id s  c o n t a in in g  , 2 3 I -  
i a b e l le d  a r o m a t ic  m o ie t ie s .4 3 -4 7  Work c a r r i e d  o u t  up  t o  1976  has  
been  re v ie w e d  by S t o c k l i n . 2
One o f  th e  m a jo r  u s e s  o f  12 3 I - l a b e l l e d  compounds d u r in g  
th e  1 9 8 0 ' s  has been i n  b r a in  im a g in g .43  P e rh a p s  th e  most w id e ly  
used  o f  a l l  12SI  -  r a d io p h a r m a c e u t ic a l©  a r e  am phetam ine  a n a lo g u e s ,  
p r i n c i p a l l y  M - is o p r o p y l - 2 - ( 4 - io d o p h e n y l>is o p ro p y la m in e  (IM P ) ( 7 ) .  T h is  
compound, d e v e lo p e d  by W in c h e ll  and  c o w o rk e rs 4 3 - so i s  now used  
r o u t i n e l y  i n  m o n ito r in g  b r a in  b lo o d  f l o w  by SPECT.
- 1 2 -
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(7 ) (8)
Am phetam ine d e r i v a t i v e s  o f  t h i s  k in d  a r e  h ig h ly  l i p o p h i l i c  
and r a p i d l y  c ro s s  th e  b lo o d - b r a in  b a r r i e r .  Once in s id e  th e  b r a in ,  
th e y  a r e  bound a t  s p e c i f i c  s i t e s  and  a r e  r e t a in e d  lo n g  enough  
f o r  SPECT im age a c q u i s i t i o n . 31
C l i n i c a l  s t u d i e s  o f  r e g i o n a l  c e r e b r a l  p e r f u s i o n  i n  p a t i e n t s  
s u f f e r i n g  f r o m  s t r o k e ,  e p i l e p s y  a n d  d e m e n t i a  h a v e  b e e n  r e p o r t e d  
u s i n g  1 2 3 I - I M P . 5 2 -5 1  A r e c e n t  p u b l i c a t i o n  h a s  d e s c r i b e d  s i g n i f i c a n t  
d i f f e r e n c e s  i n  t h e  c e r e b r a l  p e r f u s i o n  o f  1 2 3 I - I I f P  i n  t h e  b r a i n s  
o f  c r a c k  a b u s e r s . 55
A n o t h e r  a m in e  w h i c h  i s  w i d e l y  u s e d  i n  b r a i n  i m a g i n g  i s  
IT , ¥ ,  ¥ ’ - t r i m e t h y l - . 1 - 1 2 - h y d r a : x y - 3 - m e t h y l - 5 - C 1 2 S I 3 - i c d o b e n z y l l  - 1 ,  3 - p r o p a n e  
d i a m i n e  ( H IP D M )  ( 8 ) ,  f i r s t  d e s c r i b e d  b y  K u n g  e t  a l . 5 G  i n  1 9 8 3 .
I o d i n e - 1 2 3  m u s t  b e  o f  h i g h  i s o t o p i c  p u r i t y  f o r  i m a g i n g  
a p p l i c a t i o n s .  S e v e r a l  o f  t h e  m o s t  s t r a i g h t f o r w a r d  n u c l e a r  r e a c t i o n s  
l e a d i n g  t o  i o d i n e - 1 2 3  a l s o  p r o d u c e  i n t o l e r a b l e  a m o u n t s  o f  i o d i n e -
1 2 4 .  T h i s  h a s  h i g h - e n e r g y  e m i s s i o n s  ( 6 0 3  K e V )  a n d  a  h a l f - l i f e  o f  4 . 3  
d a y s . 57 C o n t a m i n a t i o n  o f  i o d i n e - 1 2 3  w i t h  m o r e  t h a n  *  1% o f  i o d i n e -  
1 2 4  i s  u n a c c e p t a b l e  f o r  S P E C T  s t u d i e s  s i n c e  t h e  h i g h  r a d i a t i o n  
b a c k g r o u n d  d e g r a d e s  t h e  i m a g e .  I t s  p r e s e n c e  a l s o  r e s u l t s  i n  a n  
u n d e s i r a b l e  a d d i t i o n a l  r a d i a t i o n  d o s e  f o r  t h e  p a t i e n t .
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T h e  p o s i t r o n  e m i t t i n g  i s o t o p e ,  i o d i n e - 1 2 2 ,  h a s  i n  r e c e n t  
y e a r s  f o u n d  a p p l i c a t i o n  i n  P E T  /  S P E C T  w o r k .  T h e  d e v e l o p m e n t  o f  a  
g e n e r a t o r  s y s t e m  f o r  1 2 2 I  f r o m  1 2 2 X e  w a s  d e s c r i b e d  i n  t h e  m i d -  
1 9 8 0 ' s  b y  M a t h i s  a n d  c o w o r k e r s . 5 3 •S3
T h e  m o s t  s i g n i f i c a n t  f e a t u r e  o f  t h e  i s o t o p e  i s  i t s  v e r y
s h o r t  h a l f - l i f e  ( 3 . 5  m i n ) .  T h i s  m a k e s  i t s  i n c o r p o r a t i o n  i n t o  s u i t a b l e
m o l e c u l e s  e x t r e m e l y  c h a l l e n g i n g .  T h e  l a b e l l i n g  c h e m i s t r y ,  p l u s  a n y  
s u b s e q u e n t  p u r i f i c a t i o n  s t e p  t h a t  m a y  b e  n e c e s s a r y ,  c a n n o t  r e q u i r e  
m o r e  t h a n  a  f e w  m i n u t e s .  T h e  r a p i d  d e c a y  a l s o  p u t s  c o n s t r a i n t s  o n
t h e  i m a g i n g  . p r o c e d u r e s .  M o e r l e i n  e t  a l . 60 h a v e  r e p o r t e d  o n  a  s t u d y  
o f  1 2 2 I - l a b e l l i n g  o f  v a r i o u s  s i m p l e  a r o m a t i c  s u b s t r a t e s  u s i n g
d e m e t a l l a t i o n  t e c h n i q u e s .  S o m e  s u c c e s s  w a s  a c h i e v e d  b y  u s i n g  t i n
a n d  m e r c u r y  c o m p o u n d s  a s  p r e c u r s o r s .
T h e r e  a r e  o f  c o u r s e  a d v a n t a g e s  o f  a  s h o r t  h a l f - l i f e .
P a t i e n t s  r e c e i v e  a  l o w  a b s o r b e d  r a d i a t i o n  d o s e  a n d  P E T  p r o c e d u r e s
c a n  b e  r e p e a t e d  i n  t h e  s a m e  i n d i v i d u a l  w i t h i n  s h o r t  i n t e r v a l s . 53
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1.2.4 Iodine-122
I o d i n e  d i f f e r s  f r o m  t h e  l i g h t e r  h a l o g e n s  i n  t h a t  t h e
d i a t o m i c  m o l e c u l e  i s  g e n e r a l l y  u n r e a c t i v e  t o w a r d s  a r o m a t i c  s y s t e m s  
a s  a n  e l e c t r o p h i l e .  O n l y  t h e  m a s t  e l e c t r o n - r i c h  a r e n e s  s u c h  a s
p h e n o l s  a n d  a n i l i n e s  m a y  b e  a t t a c k e d  b y  I ^ ,  a n d ,  e v e n  w i t h  t h e s e  
s u b s t r a t e s ,  a  b a s e  s u c h  a s  K!HCQ3  i s  r e q u i r e d  i n  o r d e r  t o  d r i v e
t h e  r e a c t i o n  b y  t h e  r e m o v a l  o f  H I .  L e s s  e l e c t r o n - r i c h  s u b s t r a t e s
a r e  c o m p l e t e l y  i n e r t  t o w a r d s  I 2 . A s  a  r e s u l t ,  a  w i d e  v a r i e t y  o f
r e a g e n t s  a n d  e x p e r i m e n t a l  c o n d i t i o n s  h a v e  b e e n  d e v e l o p e d  i n  o r d e r  
t o  f a c i l i t a t e  i o d i n a t i o n  r e a c t i o n s .  T h e  s t r a t e g i e s  c a n  b e  d i v i d e d
i n t o  t w o  b r o a d  c a t e g o r i e s ,  n a m e l y  d i r e c t  a n d  i n d i r e c t  m e t h o d s .
1 . 3 . 1  D i r e c t  I o d i n a t i o n
I n  o r d e r  t o  a c h i e v e  d i r e c t  a r o m a t i c  i o d i n a t i o n ,  a  s o u r c e
o f  p o s i t i v e ,  e l e c t r o p h i l i c  i o d i n e  i s  r e q u i r e d .  P o s i t i v e  i o d i n e  c a n
b e  o b t a i n e d  b y  s i m p l y  o x i d i s i n g  i o d i n e  o r  i o d i d e ,  a n d  a  v a r i e t y
o f  r e a g e n t s  c a p a b l e  o f  d o i n g  t h i s  h a v e  b e e n  d e s c r i b e d .  T h e s e  a r e
s u m m a r is e d  b e l o w  i n  p a r t  ( a ) .  O t h e r  r e a g e n t s ,  s u c h  a s  t h e  s i l v e r  ( I )  
i o n ,  a r e  b e l i e v e d  t o  p r o m o t e  i o d i n a t i o n  b y  p o l a r i s i n g  t h e  d i a t o m i c  
i o d i n e  m o l e c u l e .  T h e s e  c a n  a l s o  b e  r e g a r d e d  a s  o x i d a n t s ,  a n d  a r e
t h u s  a l s o  i n c l u d e d  i n  p a r t  ( a ) . I n  m a n y  c a s e s ,  r e a g e n t s  a r e  l i k e l y  
t Q  s e r v e  a  d u a l  p u r p o s e  a n d  a r e  t h u s  d i f f i c u l t  t o  c a t e g o r i s e .
I o d i n e  i s  a l s o  r e n d e r e d  e l e c t r o p o s i t i v e  v /h e n  i t  i s  b o u n d
t D  a  m o r e  e l e c t r o n e g a t i v e  e l e m e n t ,  m o s t  c o m m o n ly  c h l o r i n e  ( a s  i n
i o d i n e  m o n o c h l o r i d e ) ,  o r  n i t r o g e n  ( a s  i n  l - i o d o a m i d e s > . C o m p o u n d s  i n  
t h i s  c a t e g o r y  a r e  d e s c r i b e d  i n  p a r t  ( b ) .
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1.3 Aromatic Iodination Methodologies
<1> N i t r i c  A c i d  1 S u l p h u r i c  A c i d  M i x t u r e s
T h e  u s e  o f  n i t r i c  a c i d  a s  a n  i o d i n e  o x i d a n t  w a s  s t u d i e d  
e x t e n s i v e l y  b y  D a t t a  a n d  C h a t t e r j e e . 61 T h e y  d e s c r i b e d  t h e  i o d i n a t i o n
o f  b e n z e n e ,  t o l u e n e ,  x y l e n e ,  m e s i t y l e n e ,  t h i o p h e n e  a n d  n a p h t h a l e n e .  
R e a c t i o n s  w e r e  c a r r i e d  o u t  b y  h e a t i n g  t h e  s u b s t r a t e s  w i t h  i o d i n e  
a n d  a d d i n g  c o n c e n t r a t e d  n i t r i c  a c i d  i n  s m a l l  p o r t i o n s .  Y i e l d s  w e r e
g e n e r a l l y  i n  t h e  r a n g e  o f  5 0  -  8 0 % . T h e  n i t r i c  a c i d  m e t h o d  w a s  
s u b s e q u e n t l y  u s e d  b y  D a i n s  a n d  B r e w s t e r 62 f o r  t h e  l a r g e  s c a l e  
p r e p a r a t i o n  o f  i o d o b e n z e n e ,
A d d i t i o n  o f  a  m i x t u r e  o f  n i t r i c  a n d  s u l p h u r i c  a c i d s  t o
i o d i n e  a n d  a n  a r o m a t i c  s u b s t r a t e  i n  a c e t i c  a c i d  i s  o f t e n  r e f e r e d
t o  a s  t h e  T r o n o v - M o v i k o v  m e t h o d . 5 3 - 64 I t  h a s  b e e n  s h o w n  t o  b e  
e f f e c t i v e  f o r  t h e  i o d i n a t i o n  o f  b e n z e n e ,  a l k y l b e n z e n e s ,  h a l o b e n z e n e s  
a n d  s e v e r a l  o t h e r  c o m p o u n d s .  D e a c t i v a t e d  c o m p o u n d s  s u c h  a s  b e n z o i c  
a c i d  a n d  n i t r o b e n z e n e  w e r e  m e t a - i o d i n a t e d  a t  e l e v a t e d  t e m p e r a t u r e s .
T h e  b e s t  r e s u l t s  w e r e  o b t a i n e d  w h e n  a  m i x t u r e  o f  n i t r i c  a c i d  o f
d e n s i t y  1 . 4  a n d  s u l p h u r i c  a c i d  o f  d e n s i t y  1 , 8 4  w a s  u s e d .  C o m p e t in g  
n i t r a t i o n  w a s  o n l y  o b s e r v e d  a t  e l e v a t e d  t e m p e r a t u r e s . e s
O le u m , o r  f u m i n g  s u l p h u r i c  a c i d ,  h a s  b e e n  f o u n d  t o  b e  a  
u s e f u l  s o l v e n t  f o r  t h e  i o d i n a t i o n  o f  c o m p o u n d s  d e a c t i v a t e d  t o w a r d s
e l e c t r o p h i l i c  a t t a c k .  A l l e n  e t  a l . e s  u s e d  s u c h  a  m e d iu m  f o r  t h e  
t e t r a i o d i n a t i o n  o f  p h t h a l i c  a n h y d r i d e .  M u c h  k i n e t i c  w o r k  i n  t h e  
m e d iu m  h a s  b e e n  c o n d u c t e d  b y  A r o t s k y  a n d  c o w o r k e r s . s 7 ~ '7 °  I n  1 9 7 0 ,  
t h e y  r e p o r t e d  o n  a  s t u d y  o f  t h e  i o d i n a t i o n  o f  a r o m a t i c  n i t r o ­
c o m p o u n d s  i n  2 0 %  o l e u m . E x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  0 . 4  M
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(a) Oxidising Agents
s o l u t i o n s  o f  i o d i n e  i n  c o m m e r c i a l  o l e u m ,  a t  r o o m  t e m p e r a t u r e  a n d  
a t  e l e v a t e d  t e m p e r a t u r e s .  N i t r o b e n z e n e ,  t h e  n i t r o t o l u e n e s ,  t h e  d i n i t r o -  
b e n z e n e s  a n d  t w o  d i n i t r o t o l u e n e s  w e r e  u s e d  a s  s u b s t r a t e s .  A l l  w e r e
i o d i n a t e d  i n  m o d e r a t e  y i e l d  e x c e p t  1 , 4 - d i n i t r o b e n z e n e .  T h r o u g h o u t  t h e  
w o r k ,  n o  i o d i n a t i o n  o c c u r r e d  a t  p o s i t i o n s  o rth o -  t o  a  n i t r o  g r o u p .
T h i s  e f f e c t  c o u l d  n o t  s a t i s f a c t o r i l y  b e  a c c o u n t e d  f o r .  T h e  a c t i v e  
i o d i n a t i n g  s p e c i e s  w a s  t h o u g h t  t o  b e  I s * *  a t  r o o m  t e m p e r a t u r e  a n d
I  a"*- a t  h i g h  t e m p e r a t u r e .
( i i  > I o d i c  A c i d  ( H I O s )  /  P e r i o d i c  A c i d  ( H I O * >
T h e  u s e  o f  i o d i c  a c i d  a s  a n  o x i d a n t  i n  i o d i n a t i o n  w a s  
m e n t i o n e d  a s  e a r l y  a s  1 8 6 6  b y  K e k u l e 71  . H o w e v e r ,  i t  w a s  n o t  u n t i l
t h e  1 9 6 0 ' s  t h a t  i t s  u s e f u l n e s s  w a s  s t u d i e d  i n  d e t a i l . 7-2-75
I n  1 9 6 6 ,  S u z u k i  e t  a l . 7 2  c o m p a r e d  a  v a r i e t y  o f  o x i d a n t s  
f o r  t h e  i o d i n a t i o n  o f  s o m e  p o l y a l k y l b e n z e n e s  b e a r i n g  b u l k y  g r o u p s ,
f o r  e x a m p l e ,  i s o m e r i c  t - b u t y l - d i m e t h y l b e n z e n e s .  T h e  h i g h e s t  y i e l d s ,  a n d  
t h e  c l e a n e s t  p r o d u c t s ,  w e r e  o b t a i n e d  u s i n g  p e r i o d i c  a c i d  a s  t h e  
o x i d a n t ,  i n  1 7 : 3  < v /v >  a c e t i c  a c i d  -  w a t e r .
B y  d i s s o l v i n g  a  3 : 1  m i x t u r e  o f  i o d i n e  a n d  p e r i o d i c  a c i d  
i n  c o n c e n t r a t e d  s u l p h u r i c  a c i d ,  M a t t e r n 7 5 *7-7 g e n e r a t e d  a  p o w e r f u l  
r e a g e n t  c a p a b l e  o f  p o l y i o d i n a t i n g  d e a c t i v a t e d  s u b s t r a t e s .  B e n z e n e  w a s
r e a d i l y  t e t r a i o d i n a t e d ,  a n d  u n d e r  m o r e  f o r c i n g  c o n d i t i o n s  <a  2 - f o l d  
e x c e s s  o f  I " ' ;  1 0 0 ’ C )  w a s  c o n v e r t e d  t o  h e x a i o d o b e n z e n e .  L e v i t t  a n d  
I g l e s i a s 73  h a d  a p p a r e n t l y  c a r r i e d  o u t  t h e  s a m e  r e a c t i o n  s o m e w h a t
e a r l i e r .  I n  1 9 9 1 ,  S a t t e r n  a n d  C h e n 73 r e p o r t e d  o n  a n  e x t e n s i v e  s t u d y  
o f  t h e  p a l y i o d i n a t i o n  o f  b e n z e n e s u l f o n i c  a c i d .  I t  w a s  s u g g e s t e d  
t h a t  s u l f o n i c  a c i d  i n t e r m e d i a t e s  m a y  h a v e  p l a y e d  a  r o l e  i n  t h e
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p o l y  i o d i n a t i o n  o f  b e n z e n e  i n  s u l p h u r i c  a c i d ,  b u t  t h e  r e s u l t s  
s u g g e s t e d  o t h e r v r i . s e .  N e v e r t h e l e s s ,  t e t r a -  a n d  p e n t a i o d o b e n z e n e s  vier e  
f o u n d  a m o n g s t  t h e  p r o d u c t s  a f t e r  p r o l o n g e d  e x p o s u r e  o f  b e n z e n e -
s u l f o n i c  a c i d  t o  t h e  r e a g e n t .  I t  w a s  p o s t u l a t e d  t h a t  t h r e e  i o d i n e
a t o m s  c o u l d  b e  d i r e c t l y  s u b s t i t u t e d  i n t o  t h e  r i n g  p o s i t i o n s  o f  
t h e  s u b s t r a t e ,  b u t  t h a t  a  f o u r t h  s u b s t i t u t i o n  w a s  n o t  p a s s i b l e  o n
s t e r i c  g r o u n d s .  I n s t e a d ,  a  f o u r t h  e q u i v a l e n t  o f  t h e  i o d i n e  e l e c t r o -  
p h i l e  b r o u g h t  a b o u t  i o d o d e s u l f o n a t i o n ,  y i e l d i n g  t e t r a i o d a b e n z e n e .
( i i i )  P e r a c e t i c  A c i d  (C H 3 C O 3H )
T h e  i o d i n a t i o n  o f  s i m p l e  a r o m a t i c  s u b s t r a t e s  u s i n g  i o d i n e
a n d  p e r a c e t i c  a c i d  h a s  b e e n  s t u d i e d  i n  c o n s i d e r a b l e  d e t a i l  b y  
O g a t a  e t  a l . s ° “ s d  R e a c t i o n s  w e r e  c a r r i e d  o u t  b y  a d d i n g  s o l u t i o n s
o f  p e r a c e t i c  a c i d  i n  a c e t i c  a c i d  t o  m i x t u r e s  o f  i o d i n e  a n d  t h e
a r o m a t i c  s u b s t r a t e .  B e n z e n e  a n d  t o l u e n e  w e r e  i o d i n a t e d  i n  h i g h  
y i e l d ,  b u t  n i t r o b e n z e n e  a n d  b e n z o i c  a c i d  f a i l e d  t o  r e a c t .  K i n e t i c
s t u d i e s 530 l e d  t h e  a u t h o r s  t o  p r o p o s e  a  m e c h a n is m  i n v o l v i n g  r a t e -  
d e t e r m i n i n g  f o r m a t i o n  o f  h y p o i o d o u s  a c i d ,  H O I  :
C H 3CO3H * l2 + H20  C H 3C 0 2H + 2HOI 1 . 5
A t  t h i s  t i m e ,  t h e  a c t u a l  i o d i n a t i n g  s p e c i e s  w a s  t h o u g h t  t o  
b e  a c e t y l  h y p o i o d i t e ,  p r e s e n t  b e c a u s e  o f  t h e  e q u i l i b r i u m  :
C H 3C 0 2H + HOI C H 3C 0 2l * H20  1  e
S u b s e q u e n t  i n v e s t i g a t i o n s 31 s h o w e d  t h a t  r e a c t i o n  y i e l d s  f o r  
t h e  i o d i n a t i o n  o f  b e n z e n e  a n d  l e s s  e l e c t r o n - r i c h  s u b s t r a t e s  w e r e  
i n c r e a s e d  b y  t h e  a d d i t i o n  o f  s u l p h u r i c  a c i d .  F r o m  t h i s  a n d  o t h e r
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o b s e r v a t i o n s  t h e  a u t h o r s  p r o p o s e d  p r o t o n a t e d  a c e t y l  h y p o i o d i t e  a s  
t h e  r e a c t i v e  s p e c i e s  :
C H 3C 0 2H + HOI * H+ (cH3C 0 2Hl)+ + H 20  17
I o d i c  a c i d ,  H I O 3 , w a s  i n v a r i a b l y  f o u n d  a s  a  b y - p r o d u c t ,  
s u g g e s t i n g  t h a t  t h e  d e s i r e d  i o d i n a t i o n  r e a c t i o n  o c c u r r e d  i n
c o m p e t i t i o n  w i t h  f u r t h e r  o x i d a t i o n  o f  h y p o i o d o u s  a c i d  :
h o i  + C H 3CO3H h io 3 -  2C H 3C 0 2H i  s
I n  s u b s e q u e n t  k i n e t i c  s t u d i e s  w i t h  m o r e  r e a c t i v e  s u b s t r a t e s  
a n  a u t o c a t a l y t i c  e f f e c t  m s  o b s e r v e d .  A s  a  p o s s i b l e  e x p l a n a t i o n ,  
O g a t a  a n d  A o k i ®2 p o s t u l a t e d  a n  a d d i t i o n a l  r e a c t i o n  p a t h w a y  i n v o l v i n g  
a r y l  i o d i n e  d i a c e t a t e  i n t e r m e d i a t e s  :
A r l + CH 3CO 3 H — ► A r lO  ♦ C H 3 C 0 2H
A rlO  * 2 CH 3C 0 2H ^  A r l( 0 2C C H 3) 2 ♦ H20
l 2 * A r l ( o 2CC H 3) 2 — ► 2C H 3C 0 2I + A r l
I n  1 9 7 0 ,  O g a t a  a n d  U r a s a i i ®3 r e p o r t e d  o n  t h e  u s e  o f
p e r a c e t i c  a c i d  i n  t h e  i o d i n a t i o n  o f  a c e n a p h t h e n e  a n d  f l u o r e n e .
T h e s e  e l e c t r o n - r i c h  h y d r o c a r b o n s  a r e  r e a d i l y  o x i d i s e d  b y  p e r a c e t i c  
a c i d ,  h e n c e  c o n c u r r e n t  o x i d a t i o n  w a s  e x p e c t e d  w h e n  i o d i n a t i o n  w a s  
a t t e m p t e d  i n  t h i s  w a y .  T h i s  w a s  f o u n d  t D  b e  t h e  c a s e ,  b u t  b y
a d d i n g  t h e  p e r a c e t i c  a c i d  s o l u t i o n  d r o p w i s e  t o  a  s o l u t i o n  o f  t h e  
h y d r o c a r b o n  a n d  e x c e s s  i o d i n e ,  o x i d a t i o n  m s  m i n i m i s e d  a n d  i o d i n a t e d
p r o d u c t s  w e r e  i s o l a t e d  i n  g o o d  y i e l d s .
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1 . 9
1.10 
1.11
F u r t h e r  m e c h a n i s t i c  i n v e s t i g a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  
b i p h e n y l , d i p h e n y l m e t h a n e  a n d  b i b e n z y l . 3 4  S t e r i c  c o n s t r a i n t s  r e s u l t e d
i n  e x c l u s i v e  para - i o d i n a t i o n  i n  t h e  c a s e  o f  b i p h e n y l ,  b u t  s m a l l  
a m o u n t s  o f  orth o -  i s o m e r s  w e r e  s e e n  w i t h  d i p h e n y l m e t h a n e  a n d  
b i b e n z y l .  A l s o  f o r m e d  w i t h  d i p h e n y l m e t h a n e  a n d  b i b e n z y l  w e r e  a- 
h y d r o x y  a n d  a - a c e t o x y  d e r i v a t i v e s ,  i n d i c a t i v e  o f  c o m p e t i n g  r a d i c a l  
p a t h w a y s .  I o d i n a t i o n  w a s  f a v o u r e d  w h e n  s u l p h u r i c  a c i d  w a s  a d d e d ,
w h i l e  t h e  a d d i t i o n  o f  w a t e r  i n c r e a s e d  t h e  a m o u n t s  o f  a - s u b s t i t u t e d  
b y - p r o d u c t s .  T h i s  w a s  s e e n  a s  f u r t h e r  e v i d e n c e  f o r  p r o t o n a t e d
a c e t y l  h y p o l o d l t e  b e i n g  t h e  e f f e c t i v e  i o d i n a t i n g  a g e n t .
M o e r l e i n  a n d  c o w o r k e r s 6 5  h a v e  r e p o r t e d  o n  t h e  u s e f u l n e s s
o f  p e r a c e t i c  a c i d  i n  n o - c a r r i e r - a d d e d  ( n . c . a . )  r a d i o i o d i n a t i o n  a n d  
r a d i o b r o m i n a t i o n .  T h e  a c i d ,  g e n e r a t e d  in  s i tu  f r o m  a c e t i c  a c i d  a n d  
h y d r o g e n  p e r o x i d e ,  w a s  e x a m i n e d  a s  a n  o x i d a n t  f o r  r a d i o h a l i d e  i o n s  
i n  b o t h  d i r e c t  h a l o d e p r o t o n a t i o n  a n d  i n  h a l o d e m e t a l l a t i o n  r e a c t i o n s .  
T h e  d i r e c t  h a l o g e n a t i o n  r e a c t i o n s  w e r e  f o u n d  t o  b e  s l o w  u n l e s s
a r o m a t i c  s u b s t r a t e s  w e r e  a c t i v a t e d  b y  e l e c t r o n - r e l e a s i n g  g r o u p s .  T h e  
d e m e t a l l a t i o n  s t u d i e s  a r e  d e s c r i b e d  i n  S e c t i o n  5 . 1  ( s e e  p . 2 4 0 ) .
C i v )  B i s ( a c e t o x y ) i o d D b e n z e n e  ( =  B i  a c e  t o x y  p h e n y l  i o d i n e )  ( P h i ( O A c ) ^ )  I  
B i s ( t r i f l u o r o a c e t o x y ) i o d o b e n z e n e  ( P h i ( O s C C F s ) ^ )
A s  m e n t i o n e d  i n  t h e  p r e c e d i n g  s u b s e c t i o n ,  O g a t a  a n d  A o k i 3 2
p r o p o s e d  t h a t  a r y l  i o d i n e  d i a c e t a t e s  c o u l d  r e a c t  w i t h  i o d i n e  t o  
g e n e r a t e  a c e t y l  h y p o i o d i t e  ( e q .  1 . 1 1 ) .  S u b s e q u e n t l y ,  d i r e c t  i o d i n a t i o n  
u s i n g  s u c h  o r g a n i c  c o m p o u n d s  D f  p o l y v a l e n t  i o d i n e  w a s  s t u d i e d  b y  
H e r k u s h e v  a n d  c o w o r k e r s . 1 3 • 3 6  * 3 7  T h e s e  r e a g e n t s  w e r e  f o u n d  t o  b e  
v e r y  c o n v e n i e n t  a n d  e f f e c t i v e ,  p a r t i c u l a r l y  t h e  t r i f l u o r o a c e t y l
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a n a l o g u e ,  P h i ( O a C C F s ) ^ .  T y p i c a l l y ,  t h e  a r o m a t i c  s u b s t r a t e  w a s  s t i r r e d  
v d t h  a  s t o i c h i o m e t r i c  a m o u n t  o f  i o d i n e  a n d  a  s l i g h t  e x c e s s  o f  
P h i ( O s C C F a ) ^  i n  c h l o r o f o r m  o r  t e t r a c h l o r o m e t h a n e  a t  r o o m  t e m p e r a t u r e  
f o r  1 5  -  1 2 0  m i n u t e s .  A  w i d e  r a n g e  o f  s u b s t r a t e s  w e r e  i o d i n a t e d  i n  
g o a d  t o  e x c e l l e n t  y i e l d s .  I o d o b e n z e n e  i s  p r o d u c e d  a s  a  b y - p r o d u c t ,  
h e n c e  t h e  m e t h o d  i s  r e s t r i c t e d  t o  s u b s t r a t e s  m o r e  a c t i v a t e d  
t o w a r d s  e l e c t r o p h i l i c  a t t a c k  t h a n  i o d o b e n z e n e .
< v )  T r a n s i t i o n  M e t a l  C o m p o u n d s  -  C o b a l t  ( I I I ) ,  M a n g a n e s e  ( I I I ) ,  e t c .  
T h e r e  h a v e  b e e n  n u m e r o u s  r e p o r t s  o f  a r o m a t i c  i o d i n a t i o n
u s i n g  t r a n s i t i o n  m e t a l  c o m p o u n d s  a s  o x i d a n t s .  G e n e r a l l y  s p e a k i n g ,  
s u c h  r e a c t i o n s  h a v e  b e e n  c a r r i e d  o u t  u n d e r  q u i t e  h a r s h  c o n d i t i o n s  
a n d  a r e  n o t  a p p r o p r i a t e  f o r  r a d i o c h e m i c a l  w o r k .  A  s u m m a r y  o f  w o r k  
i n v o l v i n g  t r a n s i t i o n  m e t a l s  i s  p r o v i d e d  i n  S e c t i o n  3 . 5 .
( v i )  E l e c t r o c h e m i c a l  O x i d a t i o n
S e v e r a l  w o r k e r s  h a v e  d e s c r i b e d  t h e  p r o d u c t i o n  o f  p o s i t i v e  
i o d i n e  s p e c i e s  b y  e l e c t r o c h e m i c a l  m e a n s .  A n o d i c  o x i d a t i o n  o f  i o d i n e ,  
p a r t i c u l a r l y  i n  a c e t o n i t r i l e ,  h a s  b e e n  t o  s h o w n  t o  g e n e r a t e  a n
i o d i n e  ( I )  r e a g e n t  F / h ic h  r a p i d l y  a n d  e f f i c i e n t l y  i o d i n a t e s  a  F ri.d e  
v a r i e t y  o f  a r o m a t i c  s u b s t r a t e s . 3 0  W o r k  o f  t h i s  n a t u r e  f o r m s  t h e
b a s i s  o f  C h a p t e r  F o u r .
I n  a d d i t i o n ,  e l e c t r o l y s i s  h a s  a l s o  b e e n  u s e d  t o  o x i d i s e  
i o d i d e  i o n s  i n  a q u e o u s  s o l u t i o n  f o r  t h e  i o d i n a t i o n  o f  p r o t e i n s .
T h i s  i s  d e s c r i b e d  i n  S e c t i o n  1 . 4 . 1  ( v i i ) ,  p . 4 8 .
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E f f i c i e n t  a r o m a t i c  i o d i n a t i o n  u s i n g  c a t a l y t i c  a m o u n t s  o f  
n i t r o s o n i u m  t e t r a f l u o r o b o r a t e  w a s  r e p o r t e d  i n  1 9 8 8  b y  R a d n e r . 8 3  
T h i s  i n t e r e s t i n g  r e a c t i o n  w a s  s e l e c t e d  f o r  f u r t h e r  s t u d y  a n d  a  
d e t a i l e d  a c c o u n t  o f  R a d n e r ’ s  w o r k  I s  g i v e n  i n  S e c t i o n  3 . 1 .
( v i i i )  F l u o r i n e  g a s  ( F s  +  lz  -» IF >
T h e  u s e  o f  f l u o r i n e  g a s  i n  d i r e c t  a r o m a t i c  i o d i n a t i o n  w a s
f i r s t  r e p o r t e d  i n  1 9 8 8  b y  R o z e n  e t  a l . 9 °  A f u l l  a c c o u n t  w a s  
p u b l i s h e d  i n  1 9 9 0 . 91
T h e  m e t h o d  i n v o l v e s  t h e  in  s i t u  f o r m a t i o n  o f  I F  f r o m
i t s  e l e m e n t s .  T h i s  w a s  g e n e r a l l y  c a r r i e d  o u t  a t  -7Q°C, b y  p a s s i n g
n i t r o g e n - d i l u t e d  F 2  t h r o u g h  a  s u s p e n s i o n  o f  i o d i n e  i n  C F C l s .  
I o d i n a t i o n s  w i t h  t h e  I F  s o  p r o d u c e d  w e r e  c a r r i e d  o u t  b y  a d d i n g
p r e c o o l e d  s o l u t i o n s  o f  t h e  a r o m a t i c  s u b s t r a t e s  i n  C H C I3 . R e a c t i o n s  
w e r e  s l o w  a t  - 7 8 * C ;  o n l y  r e l a t i v e l y  e l e c t r o n - r i c h  c o m p o u n d s  s u c h  a s  
t o l u e n e  were i o d i n a t e d  w i t h i n  a  f e w  h o u r s .  A t  r o o m  t e m p e r a t u r e ,  
d e a c t i v a t e d  c o m p o u n d s  s u c h  a s  b e n z o n i t r i l e  a n d  e t h y l  b e n z o a t e  w e r e  
i o d i n a t e d  a t  t h e i r  meta-p o s i t i o n s ,  w h i l e  p a l y i a d i n a t i o n  o c c u r r e d  w i t h  
m o r e  r e a c t i v e  s u b s t r a t e s .  F o r  m a n y  c o m p o u n d s ,  t h e  o p t im u m  t e m p e r a t u r e  
f o r  r e a c t i o n  w a s  f o u n d  t o  b e  a r o u n d  - 2 0 * 0 .  F o r  e x a m p l e ,  a c e t a n i l i d e  
r e a c t e d  o n l y  v e r y  s l o w l y  a t  - 7 8 ' C ,  w h i l e  t a r s  w e r e  p r o d u c e d  w h e n  
t h e  t e m p e r a t u r e  e x c e e d e d  0 ° C .  A t  - 2 0 * 0 ,  a  r e a s o n a b l e  y i e l d  ( 5 5 % )  o f
p - i o d o a c e t a n i l i d e  w a s  o b t a i n e d .
T h e  l i m i t a t i o n s  t o  t h e  m e t h o d  a r e  s i m i l a r  t o  t h o s e  o f  
o t h e r  s i m i l a r  t e c h n i q u e s .  N i t r o b e n z e n e  f a i l e d  t o  r e a c t ,  e v e n  a f t e r  
2 4  h o u r s  a t  r o o m  t e m p e r a t u r e .  A t  t h e  o t h e r  e n d  o f  t h e  r e a c t i v i t y
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(vii) Eitrosonium Tetraf luoroborate (IUBF4.)
s c a l e ,  t h e  r e a g e n t  c a u s e d  t h e  c o m p l e t e  d e s t r u c t i o n  o f  s u b s t r a t e s  
s u c h  a s  p h e n o l  o r  a n i s a l e .  A n o t a b l e  a d v a n t a g e  i s  t h a t  s e n s i t i v e  
f u n c t i o n a l i t i e s  s u c h  a s  a r o m a t i c  a l d e h y d e s  w e r e  n o t  a f f e c t e d  b y  
t h e  r e a g e n t .  B e n z a l d e h y d e  w a s  c o n v e r t e d  t o  3 - i o d D b e n z a l d e h y d e  i n  8 5 %  
y i e l d ,  a f t e r  3  h o u r s  a t  2 5 ° C .
( i x )  K o s e r ' s  R e a g e n t
R e c e n t l y ,  H c S e l i s  a n d  c a w o r k e r s 3 2  h a v e  r e p o r t e d  o n  t h e  u s e  
o f  K o s e r ' s  r e a g e n t ,  [ h y d r o x y ( t o s y l o x y ) i o d o ] b e n z e n e ,  i n  t h e  i o d i n a t i o n  
o f  p o l y a l k y l b e n z e n e s .  T h e  r e a g e n t  w a s  u s e d  i n  c a t a l y t i c  q u a n t i t i e s
w i t h  N - i o d o s u c c i n i m i d e  ( N I S ) , o r  i n  s t o i c h i o m e t r i c  q u a n t i t i e s  w i t h  
i o d i n e  t o  i o d i n a t e  j ? - x y l e n e ,  m e s i t y l e n e ,  1 , 3 , 5 —t r i e t h y l b e n z e n e  a n d  
d u r e n e .  R e a c t i o n s  w e r e  c o n d u c t e d  i n  m e t h a n o l  a t  r o o m  t e m p e r a t u r e .  
R e a c t i o n  o f  e q u i m o l a r  q u a n t i t i e s  o f  m e s i t y l e n e ,  i o d i n e  a n d  K o s e r ' s  
r e a g e n t  p r o d u c e d  2 , 4 - d i - i a d o m e s i t y l e n e  a s  t h e  p r i n c i p a l  p r o d u c t ,  
i n d i c a t i n g  t h a t  b o t h  a t o m s  o f  t h e  i o d i n e  m o l e c u l e  w e r e  r e n d e r e d
e l e c t r o p h i l i c  b y  t h e  r e a g e n t .
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L e w i s  A c i d s
A n u m b e r  o f  r e a g e n t s  h a v e  b e e n  d e s c r i b e d  w h i c h  p r o m o t e  
i o d i n a t i o n  b y  p o l a r i s i n g  t h e  i o d i n e  m o l e c u l e  ( F i g .  1 . 1 ) .
8* 8~ ® 
I 1  «'Ag
Fig. 1.1 : Polarisation of Molecular Iodine by the Silver (I) Cation
T h e  p r o m o t i o n  o f  i o d i n a t i o n  b y  s i l v e r  ( I )  i o n s  h a s  b e e n  
k n o w n ,  a n d  u s e d  s u c c e s s f u l l y  i n  p r e p a r a t i v e  w o r k ,  f o r  a  g r e a t  m a n y  
y e a r s .  G e n e r a l l y  s p e a k i n g ,  t h e  m e t h o d  i s  r e s t r i c t e d  t o  m o d e r a t e l y  
e l e c t r o n - r i c h  c o m p o u n d s  i n  t h e  a b s e n c e  o f  m i n e r a l  a c i d s ,  b u t  l e s s  
a c t i v a t e d  s u b s t r a t e s  c a n  b e  i o d i n a t e d  b y  s y s t e m s  s u c h  a s  I ^ / A g S C U /
H 3 8 C L .  T h e  m o s t  c o m m o n ly  u s e d  s i l v e r  s a l t  i n  e a r l y  w o r k  w a s  t h e  
p e r c h l o r a t e  ( B i r c k e n b a c h - G o u b e a u  m e t h o d 9 3 ) ,  b u t  i t s  u s e  h a s  d i m i n i s h e d  
p r o b a b l y  f o r  r e a s o n s  o f  s a f e t y .
A  n u m b e r  o f  s t u d i e s  o f  i o d i n a t i o n  w i t h  s i l v e r  c o m p o u n d s  
w e r e  p u b l i s h e d  i n  t h e  e a r l y  1 9 5 0 * s .  D e r b y s h i r e  a n d  W a t e r s 3 4  s h o w e d  
t h a t  b e n z o i c  a c i d  w a s  i o d i n a t e d  a t  t h e  m e t a - p o s i t i o n  b y  t r e a t m e n t  
w i t h  I 2  /  A g S C U  /  H * S C L .  F u r t h e r  s u b s t r a t e s  w e r e  t r e a t e d  s i m i l a r l y  
b y  B a r k e r  a n d  W a t e r s 3 3 ; c o n c .  E L S O *  w a s  r e q u i r e d  f o r  t h e  i o d i n a t i o n  
o f  d e a c t i v a t e d  s u b s t r a t e s  s u c h  a s  n i t r o b e n z e n e ,  w h i l e  a  l o w e r  a c i d  
c o n c e n t r a t i o n  m s  o p t i m a l  f o r  n a p h t h a l e n e ,  t o  a v o i d  c o n c u r r e n t  
s u l p h o n a t i o n  a n d  o x i d a t i v e  d i m e r i s a t i o n .
S i l v e r  t r i f l u o r o a c e t a t e  h a s  p r o v e d  t D  b e  a  v e r y  e f f e c t i v e  
r e a g e n t  i n  a r o m a t i c  i o d i n a t i o n .  H a s z e l d i n e  a n d  S h a r p e 3 6  p u b l i s h e d  a
c o m p r e h e n s i v e  s t u d y  o f  i t s  u s e  i n  1 9 5 2 .  W h e n  t h e  s a l t  i s  a d d e d  
t o  i o d i n e  i n  a  s u i t a b l e  s o l v e n t  ( n i t r o b e n z e n e  w a s  u s e d ) ,  s i l v e r  
i o d i d e  i s  p r e c i p i t a t e d ,  l e a v i n g  C F s C C L "  I" ” i n  s o l u t i o n .  T h e  m e t h o d
i s  t h u s  r e l a t e d  t o  t h e  w o r k  o f  O g a t a 3 0 - 3 4  a n d  M e r k u s h e v 3 6 - 3 7 , 
d e s c r i b e d  i n  p a r t s  ( i i i )  a n d  ( i v ) .  B e r g m a n n  a n d  S h a h a k 3 7  a l s o  s t u d i e d
t h e  t r i f l u o r o a c e t a t e ,  a s  w e l l  a s  r e a c t i o n s  w i t h  s i l v e r  f l u o r i d e .
T h e y  r e p o r t e d  I d w  t o  m o d e r a t e  y i e l d s  f r o m  s i m p l e  m o n o - s u b s t i t u t e d
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(x) Silver salts
a r o m a t i c s ,  w h i l e  e x p e r i m e n t s  w i t h  v a r i o u s  n a p h t h o l s  a n d  m e t h o x y -  
n a p h t h a l e n e s  p r o d u c e d  i o d i n a t e d  d e r i v a t i v e s  a n d  p r o d u c t s  f r o m  
o x i d a t i v e  c o u p l i n g  i n  v a r i o u s  p r o p o r t i o n s .
I n  1 9 7 7 ,  K o b a y a s h i  a n d  c o w o r k e r s 3 8  r e p o r t e d  d h  t h e  g r e a t e r
r e a c t i v i t y  o f  s i l v e r  t r i f l u o r o m e t h a n e s u l p h o n a t e .  T h i s  w a s  u s e d  i n  
c h l o r o f o r m  s o l u t i o n ,  p r e s u m a b l y  g e n e r a t i n g  C F a S O s "  I *  in  s itu .
M a r e  r e c e n t l y ,  S y  a n d  L o d g e 3 3  s h o w e d  t h a t  12  /  A g lC b  w a s
a n  e f f e c t i v e  s y s t e m  f o r  t h e  i o d i n a t i o n  o f  a l k y l b e n z e n e s .  W h e n  t h i s  
m e t h o d  w a s  a p p l i e d  t o  t h e  i o d i n a t i o n  o f  a r o m a t i c  a m i n e s ,  n i t r a t e d
b y - p r o d u c t s  w e r e  f o u n d .  S y 1 0 0  l a t e r  r e p o r t e d  t h a t  A g s S C L  s u s p e n d e d  
i n  e t h a n o l  w a s  m o r e  a p p r o p r i a t e  f o r  t h i s  p u r p o s e .  I n  a  s u b s e q u e n t  
p u b l i c a t i o n ,  S y 1 0 1  r e p o r t e d  y i e l d s  o f  7 7  -  8 8 %  w h e n  t h e  I 2  /  A g 2 S t U  
s y s t e m  w a s  a p p l i e d  t o  t h e  i o d i n a t i o n  o f  m e t h o x y -  a n d  d i m e t h o x y -
a m p h e t a m in e s .  A l - L o h e r d a n 1 0 2  h a s  r e p o r t e d  o n  r e l a t e d  w o r k  i n  w h i c h  
s i l v e r  s u l p h a t e ,  n i t r a t e  a n d  c a r b o n a t e  w e r e  c o m p a r e d  f o r  t h e  
i o d i n a t i o n  o f  s i m p l e  s u b s t r a t e s .  A l l  t h r e e  b e h a v e d  s i m i l a r l y .
( x i >  C o p p e r  s a l t s
C o p p e r  s a l t s  h a v e  f o u n d  a p p l i c a t i o n  i n  a r o m a t i c  i o d i n a t i o n  
u n d e r  a  v a r i e t y  o f  e x p e r i m e n t a l  c o n d i t i o n s .  B a i r d  a n d  S u r r i d g e 1 0 3  
r e p o r t e d  o n  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  c o p p e r  < I I )  c h l o r i d e ,  w h i c h ,  
i n  c o n j u n c t i o n  w i t h  i o d i n e ,  o r  i o d i d e s  o f  i r o n ,  a l u m i n i u m  a n d  o t h e r  
m e t a l s ,  p r o v e d  t o  b e  a  v e r y  e f f e c t i v e  c a t a l y s t .  A  g o o d  v a r i e t y  o f  
s u b s t r a t e s  w e r e  i o d i n a t e d  u s i n g  t h i s  a p p r o a c h .  T h e  r o l e  o f  C u ( I I )
w a s  s h o w n  t o  b e  t w o f o l d ;  a c t i v a t i o n  o f  i o d i n e  v i a  a  L e w i s  a c i d
i n t e r a c t i o n ,  a n d  r e c y c l i n g  o f  t h e  h y d r o g e n  i o d i d e  p r o d u c e d  v i a
r e d o x  c h a n g e s .  F u r t h e r  d e t a i l s  a r e  g i v e n  i n  S e c t i o n  3 . 5 ,  p .  1 6 5 .
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T h e  s y s t e m  i o d i n e  /  c o p p e r  ( I I )  a c e t a t e  /  a c e t i c  a c i d  h a s  
b e e n  s t u d i e d  b y  H o r i u c h i  a n d  c o w o r k e r s 1 0 4 ' 1 0 3  f o r  t h e  i o d i n a t i o n  
o f  e l e c t r o n - r i c h  s u b s t r a t e s .  T h e  m e t h o d  a l l o w e d  t h e  r e g i o s p e c i f i c
p r e p a r a t i o n  o f  2 - i o d a e s t r a d i o l - 1 7 j 3 - a c e t a t e .
C o p p e r  i o n s  a l s o  f i n d  a p p l i c a t i o n  i n  h a l o g e n - f D r - h a l o g e n  
e x c h a n g e  r e a c t i o n s .  T h e s e  a r e  s u m m a r is e d  i n  t h e  c o n t e x t  o f  r a d i o -
i o d i n a t i o n  o n  p . 5 7 .
( x i i )  A l u m i n a
I n  1 9 8 6 ,  K a b a l k a  a n d  c o w o r k e r s 1 0 6  s h o w e d  t h a t  t h e  d e h y d r a t e d
s u r f a c e  o f  t f - a l u m i n a  ( c h r o m a t o g r a p h y  a l u m i n a )  w a s  e f f e c t i v e  i n  t h e  
p r o m o t i o n  o f  a r o m a t i c  i o d i n a t i o n .  I t s  a c t i v i t y  w a s  a c c o u n t e d  f o r  i n
t e r m s  o f  p o l a r i s a t i o n  o f  I 2  b y  p a r t i a l l y  e x p o s e d  A l 3 ^  i o n s ,  a n d
r e m o v a l  D f  t h e  p r o d u c t  H I  b y  r e a c t i o n  w i t h  C P -  i o n s .  F u r t h e r m o r e ,
i t  w a s  s u g g e s t e d  t h a t  t h e  e l e c t r o p h i l i c  i o d i n e  s p e c i e s ,  0 I ~  a n d  H O I
m a y  h a v e  b e e n  f a r m e d  b y  r e a c t i o n  o f  I s  w i t h  C P ~  i o n s  a n d  s u r f a c e
h y d r o x y l  g r o u p s  r e s p e c t i v e l y .
T w o  e x p e r i m e n t a l  p r o c e d u r e s  w e r e  u s e d  -  a  s o l u t i o n  m e t h o d
i n  w h i c h  i o d i n e  a n d  a l u m i n a  w e r e  s l u r r i e d  i n  a n  e x c e s s  o f  t h e
a r o m a t i c  s u b s t r a t e ,  a n d  a  d r y  m e t h o d  i n  w h i c h  i o d i n e  a n d  t h e  
s u b s t r a t e  w e r e  s e p a r a t e l y  a b s o r b e d  o n t o  a l u m i n a  a n d  t h e s e  s o l i d s  
y je r e  i n t i m a t e l y  m i x e d .  B o t h  w e r e  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e
f o r  2 4  h o u r s .  S u c h  p r o c e d u r e s  r e s u l t e d  i n  l o w  t o  m o d e r a t e  y i e l d s  
o f  i o d o  p r o d u c t s  w h e n  a p p l i e d  t o  s i m p l e  a r o m a t i c  s u b s t r a t e s  
( b e n z e n e ,  t o l u e n e ,  n a p h t h a l e n e ,  e t c ) .  A n i s o l e  w a s  a l s o  i o d i n a t e d ,  b u t  
u n d e r w e n t  c o m p e t i n g  d e m e t h y l a t i o n .  T h e  r e a c t i o n  f a i l e d  w i t h  a n i l i n e  
d u e  t o  c o m p l e x a t i o n ,  a n d  w i t h  a c e t a n i l i d e  w h i c h  w a s  p r e f e r e n t i a l l y
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c l e a v e d  t o  g i v e  a n i l i n e .  I n  c o n t r a s t ,  N ,  I T - d i m e t h y l a n i l i n e  r e a c t e d  
s m o o t h l y ,  g i v i n g  t h e  p - l o d o  i s o m e r .  T h e  h i g h e s t  y i e l d s  w e r e  f r o m  
a z u l e n e ;  u s i n g  e x c e s s  I 2  a t  r o a m  t e m p e r a t u r e  a  1 0 0 %  y i e l d  o f
1 , 3 - d i i o d o a z u l e n e  w a s  o b t a i n e d ,  w h i l e  a t  1 0 0 ' C ,  w i t h  e x c e s s  a z u l e n e ,  
1 - i o d o a z u l e n e  w a s  o b t a i n e d  i n  7 3 %  y i e l d .
T h e  r e a c t i o n  i s  r e s t r i c t e d  t o  m o d e r a t e l y  e l e c t r o n - r i c h
s u b s t r a t e s  a n d  i s  c l e a r l y  o f  n o  a p p l i c a t i o n  i n  r a d i o i o d i n a t i o n .  
H o w e v e r ,  t h e  u s e  o f  a  s o l i d - s t a t e  r e a c t a n t  i s  a t t r a c t i v e  f o r  
o b v i o u s  r e a s o n s .
R e c e n t  w o r k  b y  K o d o m a r i  a n d  c o w o r k e r s 1 0 7  h a s  c o m b in e d  t h e  
a l u m i n a  a n d  c o p p e r  ( I I )  i o n  m e t h o d o l o g i e s .  A t  8 0 * C ,  i n  c a r b o n  t e t r a ­
c h l o r i d e  s o l u t i o n ,  c o p p e r  ( I I )  c h l o r i d e  s u p p o r t e d  o n  a l u m i n a  w a s  
s h o w n  t o  b e  v e r y  e f f e c t i v e  f o r  t h e  i o d i n a t i o n  o f  a l k y l b e n z e n e s  
a n d  a r o m a t i c  e t h e r s .  P o l y c y c l i c  h y d r o c a r b o n s ,  s u c h  a s  a n t h r a c e n e ,  w e r e
c h l o r i n a t e d  r a t h e r  t h a n  i o d i n a t e d  u n d e r  s u c h  c o n d i t i o n s ,  b u t  t h i s  
m s  r e a d i l y  o v e r c o m e  b y  u s i n g  c o p p e r  ( I I )  s u l p h a t e  i n  p l a c e  o f
c o p p e r  ( I I )  c h l o r i d e .
( x i i i )  M e r c u r y  ( I I )  O x i d e  /  T e t r a f l u o r o b o r i c  A c i d  o n  S i l i c a
I n  1 9 8 4 ,  B a r l e u n g a  e t  a I . 1 o a  r e p o r t e d  t h a t  t h e  t i t l e  s y s t e m  
v ja s  e f f e c t i v e  i n  p r o m o t i n g  a r o m a t i c  i o d i n a t i o n .  T h e  e x a c t  m e c h a n is m  
i n v o l v e d  i s  o p e n  t o  s o m e  d e b a t e ,  a l t h o u g h  t h e  a u t h o r s  f a v o u r e d  in  
s i t u  a r o m a t i c  m e r c u r i a t i o n ,  e f f e c t i v e l y  b y  H g ( B F A > 2 , f o l l o w e d  b y  i o d o  
- d e m e r c u r i a t i o n .  C o n s i d e r i n g  t h e s e  s t e p s  a s  s e p a r a t e  e v e n t s  w o u l d  
c l a s s i f y  t h e  r e a c t i o n  a s  i n d i r e c t  ( S e c t i o n  1 . 3 . 2 ) ,  b u t  t h e  •’ o n e - p o t "  
n a t u r e  o f  t h e  p r o c e s s ,  a n d  t h e  a p p a r e n t  p r o m o t i o n  b y  s i l i c a ,  w o u ld  
s e e m  t o  l i n k  i t  w i t h  t h e  p r o c e d u r e s  o u t l i n e d  i n  p a r t  ( x i i )  a b o v e .
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( x i v )  B e n z y l t r i m e t h y l a m r a o n i u m  D i c h l o r o i o d a t e  -  Z i n c  C h l o r i d e  
< P h C H s (C H 3 ) s l f *  I C 1 2 “  /  Z n C l 2 )
K a j i g a e s h i  a n d  c o w o r k e r s  h a v e  f o u n d  t h a t  t h e  q u a t e r n a r y
a m m o n iu m  s a l t  P h C H s I C 1 2 ~ ,  i n  c o n j u n c t i o n  w i t h  z i n c  c h l o r i d e ,
i s  a  v e r y  e f f e c t i v e  i o d i n a t i n g  a g e n t  f o r  p h e n o l s 1 0 3 , a n i l i n e s 1 1 0  a n d
a r o m a t i c  e t h e r s 1 1 1 . F a r  e x a m p l e ,  b y  t r e a t i n g  v a r i o u s  a r o m a t i c  e t h e r s
w i t h  o n e  o r  t w o  e q u i v a l e n t s  o f  t h i s  r e a g e n t  i n  a c e t i c  a c i d ,  m o n o -
o r  d i - i o d i n a t e d  p r o d u c t s  w e r e  o b t a i n e d  i n  y i e l d s  o f  8 7  -  9 8 % . 1 1 1
R e a c t i o n  v i a  " I + "  w a s  p r o p o s e d ,  a c c o r d i n g  t o  t h e  e q u a t i o n s  :
PhC H 2 (CH 3) 3N + IC i; + Z n C I2 — ► P hC H 2(CH 3) 3N+C f  + |+ + ZnCI~3 1 . 1 2  
A rH  + l+ + Z n C lj — ► A r l + ZnC I2 + HCI 1 . 1 3
T h e  a u t h o r s  e m p h a s i s e d  t h e  s i m p l i c i t y ,  m i l d  c o n d i t i o n s  a n d  
h i g h  y i e l d s  o f  t h e  p r o c e s s ,  a l t h o u g h  i t s  e f f e c t i v e n e s s  w a s  o n l y  
d e m o n s t r a t e d  f o r  e l e c t r o n - r i c h  s u b s t r a t e s .
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( b )  C o m p o u n d s  C o n t a i n i n g  I o d i n e  B o u n d  t o  E l e c t r o n e g a t i v e  E l e m e n t s  
( i )  I o d i n e  m o n o c h l o r i d e ,  IC 1
t h e  m o s t  c o n v e n i e n t  s o u r c e  o f  e l e c t r o p h i l i c  i o d i n e .  T h e  m o l e c u l e  i s  
p o l a r i s e d  s u c h  t h a t  t h e  i o d i n e  a t o m  b e a r s  a  p a r t i a l  p o s i t i v e  
c h a r g e .  I t  h a s  b e e n  u s e d  v e r y  w i d e l y  i n  p r e p a r a t i v e  w o r k .  I n s t a n c e s  
o f  i t  u s e  i n  n o n - r a d i o a c t i v e  w o r k  a r e  t o o  n u m e r o u s  t o  m e n t i o n ;  
i t s  u s e  i n  r a d i o ! o d l n a t i o n  i s  d e s c r i b e d  i n  S e c t i o n  1 . 4  ( i i ) ,  p . 4 2 .
< i i )  H - I o d o a m i d e s  ( R - C ( O ) - f T H I )
E f - I o d o a m i d e s ,  p a r t i c u l a r l y  i n  a c i d i c  e n v i r o n m e n t s ,  h a v e  t h e  
a b i l i t y  t o  i o d i n a t e  a r o m a t i c  c o m p o u n d s .  W o r k  i n  t h i s  a r e a  w a s  
m a i n l y  c a r r i e d  o u t  b y  G o o s e n  a n d  c o w o r k e r s 1 1 2 - 1 1 4 , w h o  s t u d i e d  t h e
r e a c t i o n s  o f  f f - i o d o a c e t a m i d e ,  N - i o d o - 4 - n i t r o b e n z a m i d e  a n d  N - i o d o - 2 , 4 -
d i n i t r o b e n z a m i d e .  I n i t i a l  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  t h e  a b s e n c e  
o f  a c i d  c a t a l y s t s ,  u s i n g  t h e  a r o m a t i c  s u b s t r a t e s  a s  s o l v e n t s .  T h i s  
a p p r o a c h  a f f o r d e d  o n l y  l o w  t o  m o d e r a t e  y i e l d s  o f  t h e  i o d o a r o m a t i c
p r o d u c t s . 1 1 2  S u b s e q u e n t  s t u d i e s ,  u s i n g  s u l p h u r i c  a c i d  a s  a  c a t a l y s t  
r e s u l t e d  i n  b e t t e r  r e s u l t s ,  a n d  o p t i m a l  c o n d i t i o n s  o f  2  h o u r s  a t
5 0 ° C ,  i n  5 M  a c i d  w e r e  e s t a b l i s h e d .  H o w e v e r ,  t h e  m e t h o d  r e m a i n e d  
r e s t r i c t e d  t o  s u b s t r a t e s  a c t i v a t e d  t o w a r d s  e l e c t r o p h i l i c  a t t a c k . 1 1 3  
I t  viras c a t a l y s i s  b y  T F A  w h i c h  r e s u l t e d  i n  v a s t l y  i m p r o v e d  y i e l d s  
a n d  e v e n  h a l o b e n z e n e s  w e r e  r e a d i l y  i o d i n a t e d . 1 1 4  T h i s  w a s  a t t r i b u t e d  
t o  t h e  f o r m a t i o n  o f  t r i f l u o r o a c e t y l  h y p o i o d i t e ,  a s  i n  e q .  1 . 1 4  :
T h e  i n t e r h a l o g e n  c o m p o u n d ,  i o d i n e  m o n o c h l o r i d e ,  i s  p e r h a p s
o
il
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T M s ,  o f  c o u r s e ,  i s  t h e  s a m e  i n t e r m e d i a t e  a s  H a s z e l d i n e  a n d  
S h a r p e 3 6  p o s t u l a t e d  t o  b e  f o r m e d  f r o m  s i l v e r  t r i f l u o r o a c e t a t e  a n d  
I o d i n e .
A n a lo g o u s  w o r k  u s i n g  H - i o d o s u c c i n i m i d e  ( M I S )  a n d  t r i f l u o r c -  
m e t h a n e s u l f  o n i c  a c i d  h a s  r e c e n t l y  b e e n  r e p o r t e d  b y  O l a h  e t  a l . 1 1 E  
H I S  i t s e l f  h a s  n o t  f o u n d  w i d e s p r e a d  u s e  i n  a r o m a t i c  i o d i n a t i o n ,  
a l t h o u g h  i t  h a s  b e e n  u s e d  i n  t h e  i o d i n a t i o n  o f  c a r b o n y l  c o m p o u n d s  
a n d  a l k e n e s .  Q l a h  a n d  c o w o r k e r s 1 1 5  h a v e  f o u n d  t h a t ,  i n  t h e  p r e s e n c e  
o f  2 - 5  m o l a r  e q u i v a l e n t s  o f  t r i f l i c  a c i d ,  H I S  p r o d u c e s  a  r e a g e n t  
c a p a b l e  o f  i o d l n a t i n g  e v e n  t h e  m o s t  d e a c t i v a t e d  s u b s t r a t e s .
( i i i )  M i s c e l l a n e o u s  H - I o d o  C o m p o u n d s
D i s s o l u t i o n  o f  i o d i n e  i n  x a o r p h o l i n e  p r o c e e d s  w i t h  l o s s  o f  
t h e  i o d i n e  c o l o u r a t i o n  t o  p r o d u c e  s o m e  s o r t  o f  c o m p l e x ,  p o s s i b l y  
o f  t y p e  ( 9 ) .  T h i s  r e a g e n t  h a s  b e e n  s h o w n  t o  b e  e f f e c t i v e  i n  t h e  
i o d i n a t i o n  o f  e l e c t r o n - r i c h  s u b s t r a t e s ,  p a r t i c u l a r l y  p h e n o l s . 1 1 6
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T h e  H - i o d o  d e r i v a t i v e ,  1 , 3 - d i i o d o - 5 , 5 - d i m e t h y l h y d a n t o i n ( 1 0 ) , h a s  
b e e n  s h o w n  t o  b e  a  v e r y  c o n v e n i e n t  c a r r i e r  o f  p o s i t i v e  i o d i n e  
a n d  u s e d  i n  t h e  i o d i n a t i o n  o f  v a r i o u s  a n i l i n e s ,  a m i n o n a p h t h a l e n e s  
a n d  e l e c t r o n - r i c h  h e t e r o c y c l e s . 1 1 7
T h e  p r i n c i p a l  d r a w b a c k  o f  d i r e c t  i o d i n a t i o n  i s  a  l a c k  o f  
r e g i o s p e c i f i c i t y .  T h e  p r e p a r a t i o n  o f  a  s i n g l e  r e g i o i s o m e r  g e n e r a l l y  
r e q u i r e s  a n  i n d i r e c t  a p p r o a c h .  T h e s e  f a l l  i n t o  t w o  c a t e g o r i e s ;  t h o s e  
i n v o l v i n g  d i a z o n i u m  s a l t s  o r  t h e i r  e q u i v a l e n t s ,  a n d  t h o s e  i n v o l v i n g  
m e t a l l a t e d  a r o m a t i c s .
( a )  S a n d m e y e r  T y p e  R e a c t i o n s  -  D e c o m p o s i t i o n  o f  T r i a z e n e s
E a r l y  w o r k  i n  t h i s  a r e a  i n v o l v e d  t h e  d i a z o t i z a t i o n  o f  
a r o m a t i c  a m i n e s  f o l l o w e d  b y  d e c o m p o s i t i o n  o f  t h e  d i a z o n i u m  s a l t  
w i t h  i o d i d e  o r  a n  i o d i n e  r a d i c a l  s o u r c e . 1 1 8 ' 1 1 9  T h e  a c t u a l  r e a c t i n g  
s p e c i e s  h a s  b e e n  s h o w n  t o  b e  l a - ; i o d i d e  i s  o x i d i s e d  t o  i o d i n e  
b y  t h e  d i a z o n i u m  s a l t  o r  n i t r o u s  a c i d .
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1.3.2 Indirect Iodination
HNOo
1 . 1 5
M o r e  u s e f u l  a r e  p y r r o l i d i n e - t r i a z e n e s  ( 1 1 )  o r  . l - a r y l - 3 , 3 - d i -  
a l k y l  t r i a z e n e s  ( 1 2 ) ,  f a r m e d  b y  t r a p p i n g  d i a z o t i s e d  a m i n e s  w i t h  a n  
a p p r o p r i a t e  s e c o n d a r y  a m i n e . 1 2 0 - 1 2 3  T h e s e  a r e  s t a b l e  t o  a i r  a n d  
l i g h t  a n d  c a n  b e  s t o r e d  f o r  l o n g  p e r i o d s .
(11) ( 1 2 )
A lm o s t  a  c e n t u r y  a f t e r  W a l l a c e ' s  I n i t i a l  r e p o r t 1 2 4 , H e i n d a l  
e t  a l . 1 2 0  r e p o r t e d  t h a t  t h e  d e c o m p o s i t i o n  o f  1 - a r y l a z o p y r r o l i d i n e s  
b y  p o t a s s i u m  i o d i d e  i n  h y d r o c h l o r i c  a c i d  o r  T F A  g a v e  g o o d  y i e l d s  
o f  a r y l  i o d i d e s .  T h e  r e a c t i o n  w a s  s t u d i e d  u s i n g  a  s e r i e s  o f  f i v e
d i f f e r e n t  a n i l i n e  d e r i v a t i v e s  a s  p r e c u r s o r s .  T h e s e  w e r e  c o n v e r t e d  t o
t h e  c o r r e s p o n d i n g  i o d o  c o m p o u n d s  i n  y i e l d s  o f  1 9 - 6 6 % .  T h e  t r i a z e n e
i n t e r m e d i a t e  d e r i v e d  f r o m  p - n i t r o a n i l i n e  w a s  n o t  d e c o m p o s e d  b y  K I
i n  H C 1 ;  T F A  w a s  f o u n d  t o  b e  n e c e s s a r y  f o r  i t s  c o n v e r s i o n  t o
p - i o d o n i t r o b e n z e n e .
H e i n d a l  a n d  c o w o r k e r s 1 2 5  l a t e r  e x t e n d e d  t h i s  w o r k  t o  r a d i o -  
i o d i n a t i o n .  T h e i r  s t u d y  i n v o l v e d  t h r e e  s i m p l e  a n i l i n e  d e r i v a t i v e s  
a n d  t w o  m o r e  c o m p le x  p h a r m a c e u t i c a l  m o l e c u l e s .  I o d i n a t i D n s  w e r e  
c a r r i e d  o u t  u n d e r  v a r i o u s  e x p e r i m e n t a l  c o n d i t i o n s ,  f i r s t  w i t h  
a n d  t h e n  v r i . th  n . c . a .  1 2 3 I .  I t  w a s  c o n c l u d e d  t h a t  o p t im u m  c o n d i t i o n s  
w e r e  d e p e n d e n t  o n  t h e  s u b s t r a t e  a n d  n o  g e n e r a l i s a t i o n s  c o u l d  b e
m a d e . N . c . a .  r a d i o i o d i n a t i o n s  w e r e  o f  l i m i t e d  s u c c e s s ,  r e s u l t i n g  i n
n u m e r o u s  b y - p r o d u c t s  a n d  o n l y  m o d e r a t e  r a d i o c h e m i c a l  y i e l d s .  H o w e v e r ,  
t h e  m e t h o d  a l l o w e d  t h e  p r e p a r a t i o n  o f  t w o  1 2 3 I - l a b e l l e d  d r u g  
m o l e c u l e s  w h i c h  w e r e  n o t  a c c e s s i b l e  v ia  t h e  c l a s s i c a l  S a n d m e y e r  
r o u t e .  I m a g i n g  a g e n t s  a n a l o g o u s  t o  IM P  ( p . 1 2 )  h a v e  b e e n  l a b e l l e d  
v i a  t h e  t r i a z e n e  m e t h o d .  E l m a l e h  e t  a J . , 2 S  l a b e l l e d  p h e n t e r m i n e  ( 1 3 )  
v r i- th  i o d i n e - 1 2 3  b y  d e c o m p o s i t i o n  o f  a  p i p e r i d i n o t r i a z e n e  d e r i v a t i v e :
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(13)
T h e  u s e  o f  a  t r i a z e n e  d e r i v a t i v e  i n  t h e  1 2 5 I - l a b e l l i n g  o f  
p - i o d o p h e n y l t r i p h e n y l p h o s p h o n i u m  n i t r a t e  h a s  r e c e n t l y  b e e n  d e s c r i b e d  
b y  B y o n  e t a l . 1 2 7
S e v e r a l  r e l a t e d  m e t h o d s  a r e  w o r t h y  o f  n o t e .  A r y l d i a z o n i u m  
t e t r a f l u a r o b o r a t e s  a r e  s t a b l e  a n d  c a n  b e  c o n v e r t e d  t o  a r y l  i o d i d e s  
b y  t r e a t m e n t  w i t h  i o d i n e  o r  i o d o m e t h a n e  i n  c h l o r o f o r m ,  i n  t h e
p r e s e n c e  o f  c a t a l y t i c  a m o u n t s  o f  c r o w n - e t h e r s . 1 1 3 * 1 2 0
A n o t h e r  m e t h o d  i n v o l v e s  t h e  c o n v e r s i o n  o f  a r y l d i a z o n i u m  
t e t r a f l u a r o b o r a t e s  t o  a r y l  a r y l a z o  s u l f o n e s  u s i n g  s o d iu m  p - t o l u e n e -  
s u l f i n a t e  i n  d i c h i o r o m e t h a n e .  T h e s e  c a n  t h e n  b e  c o n v e r t e d  t o  a r y l
i o d i d e s  b y  t r e a t i n g  w i t h  p o t a s s i u m  i o d i d e  a n d  1 8 - c r o w n - Q  a s  
c a t a l y s t  i n  a c e t o n i t r i l e  a t  r o o m  t e m p e r a t u r e . 1 2 3
T h e  m o s t  o b v i o u s  l i m i t a t i o n  t o  t h i s  k i n d  o f  a p p r o a c h  i s
t h a t  t h e  a p p r o p r i a t e  a n i l i n e  p r e c u r s o r  m u s t  b e  a v a i l a b l e ,  o r  a t
l e a s t ,  r e a d i l y  a c c e s s i b l e .  A n o t h e r  c o n s i d e r a t i o n  w h i c h  n e e d s  t o  b e  
t a k e n  i n t o  a c c o u n t  i s  t h a t  f u n c t i o n a l  g r o u p s  o n  t h e  s u b s t r a t e
n e e d  t o  b e  s t a b l e  t o ,  o r  p r o t e c t e d  f r o m ,  t h e  r e a g e n t s  u s e d  i n  t h e
d i a z o t i z a t i o n .
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I o d i n e  c a n  a l s o  b e  i n t r o d u c e d  i n t o  a r o m a t i c  c o m p o u n d s  
b y  t h e  d i s p l a c e m e n t  o f  v a r i o u s  m e t a l s .  T h e  u s e  o f  o r g a n o m e t a l l i c  
i n t e r m e d i a t e s  i n  r a d i o l a b e l l i n g  h a s  b e e n  r e v i e w e d  b y  K a b a l k a  a n d  
V a r m a .  1:30 B o r o n ,  s i l i c o n ,  g e r m a n iu m ,  t i n ,  m e r c u r y  a n d  t h a l l i u m  h a v e  a l l  
b e e n  u s e d  i n  t h i s  c o n t e x t .  T h e  r e a c t i o n s  i n v o l v i n g  e a c h  o f  t h e s e  
m e t a l s  a r e  s u m m a r is e d  b e l o w .  M o r e  d e t a i l e d  a c c o u n t s  o f  t h e  u s e  o f  
t h a l l i u m  a n d  m e r c u r y  a n d  t h e  G r o u p  I V  m e t a l s  a r e  g i v e n  i n
C h a p t e r s  T w o  a n d  F i v e  r e s p e c t i v e l y .
< i )  B o r a n e s
T h e  r e a c t i o n  o f  o r g a n o b o r a n e s  w i t h  m o l e c u l a r  i o d i n e  i n  
t h e  p r e s e n c e  o f  b a s e  w a s  d e v e l o p e d  b y  B r o w n  a n d  c o w o r k e r s . 13 1
-34-
(b> Organometallic Derivatives
i s  i n a p p r o p r i a t e  f o r  r a d i o i o d i n a t i o n .  M o l e c u l a r  i o d i n e  i s  r e q u i r e d ,  
w h e r e a s  r a d i o i s o t o p e s  a r e  g e n e r a l l y  s u p p l i e d  a s  s o d i u m  i o d i d e .  
F u r t h e r m o r e ,  t h e  u s e  o f  a  s t r o n g  b a s e  s u c h  a s  s o d i u m  m e t h o x i d e  
p u t s  s e v e r e  l i m i t a t i o n s  o n  t h e  f u n c t i o n a l  g r o u p s  w h i c h  c a n  b e  
p r e s e n t .
i o d i n e  s p e c i e s ,  w e r e  s u b s e q u e n t l y  d e v e l o p e d  b y  K a b a l k a  a n d  c o w o r k e r s  
l 3 2 _ , 3 S . M u c h  o f  t h e  e a r l y  w o r k  w a s  c o n c e r n e d  w i t h  t h e  p r e p a r a t i o n  
o f  a l k y l  a n d  v i n y l  i o d i d e s  f r o m  a l k e n e s  a n d  a l k y n e s  r e s p e c t i v e l y ,  
b u t  t h e  f o r m a t i o n  o f  i o d o b e n z e n e  f r o m  t r i p h e n y l b o r a n e  w a s  a l s o
3RI * 3N a l +
NaOMe
I n  i t s  o r i g i n a l  f o r m ,  a s  i n  e q u a t i o n  1 . 1 6 ,  t h e  r e a c t i o n
A l t e r n a t i v e  i o d o d e b o r o n a t i o n  r e a c t i o n s ,  e m p l o y i n g  e l e c t r o p h i l i c
d e s c r i b e d . 1 3 3 * 1 3 5  T h i s  w a s  a c h i e v e d  v i a  t h e  in  s i t u  o x i d a t i o n  o f  
i o d i d e  b y  c h l o r a m i n e - T  ( C A T )  :
-35-
Ph3B - -- >  Phi i . i 7
CAT
A f u r t h e r  d e v e l o p m e n t  w a s  t h e  u s e  o f  a r y l b o r o n i e  a c i d s . 12  
T h e s e  w e r e  p r o d u c e d  f r o m  b r o m o  d e r i v a t i v e s  b y  a  t r a n s m e t a l l a t i o n  
p r o c e s s ,  i n v o l v i n g  G r i g n a r d  i n t e r m e d i a t e s  ( e q u a t i o n  1 . 1 8 )  :
i.M g  , b h 3
A rB r ------------------------► ArB(O HJ i . i s
2.H,0+
T h i s  t y p e  o f  s t r a t e g y  h a s  b e e n  u s e d  f o r  1 2 3 I - l a b e l l i n g  o f  
t h e  i m a g i n g  a g e n t ,  1 - i s o p r o p y l  i a d o a m p h e t a m i n e .  T h e  r e q u i r e d  p r e c u r s o r ,  
N - i s o p r o p y l  p - b r o m a a m p h e t a m i n e ,  w a s  o b t a i n e d  f r o m  p - b r o m o b e n z a l d e h y d e  
v i a  t h e  s c h e m e  s e t  o u t  b e l o w 1 3 7  :
CHO NH
b. BH3, NaBH,
c. N aBH 3CN, C H 3COCH:
O r g a n o s i l a n e s  h a v e  b e e n  u s e d  q u i t e  e x t e n s i v e l y  i n  r e g i o -  
s p e c i f i c  h a l o g e n a t i o n  a n d  r a d i o h a l o g e n a t i o n .  E l e c t r o p h i l i c  i o d i n e  c a n  
b e  u s e d  t o  d i s p l a c e  t r i a l k v l s i l y l  g r o u p s  i n  a  m a n n e r  a n a l o g o u s  t o  
t h e  d e b o r o n a t i o n  r e a c t i o n  d e s c r i b e d  i n  t h e  p r e c e d i n g  s u b s e c t i o n  :
(ii> Silanes
T h i s  t y p e  o f  r e a c t i o n  w a s  i n i t i a l l y  s t u d i e d  b y  E a b o r n 1 3 9  
a n d  d e v e l o p e d  f o r  r a d i D i o d i n a t i a n  b y  W i l b u r  e t  a l . 1 4 0  a n d  b y  
C o e n e n  a n d  H o e r l e i n . 1 4 1  S a d i o i o d i d e  i s  o x i d i s e d  in  s itu ,  b y  a g e n t s  
s u c h  a s  N - c h l o r o s u c c i n i m i d e  < 1 C S  -  s e e  p a g e  x ) . T h e  r e a c t i o n  p r o c e e d s  
m o s t  r a p i d l y  i n  p r o t i c  s o l v e n t s  s u c h  a s  a c e t i c  a c i d .  E l e c t r o p h i l i c  
i  o d o d e s  i 1 y 1 a t  i  o n  r e a c t i o n s  o f  t h i s  t y p e  a r e  t h e  s u b j e c t  o f  C h a p t e r  
F i v e .
A n o t h e r  m e t h o d  i n v o l v i n g  s i l i c o n  i s  t h e  c l e a v a g e  o f
a r y l p e n t a f l u o r o s i l i c a t e s  b y  h a l o g e n s .  I n  1 9 8 3 ,  W i l b u r  a n d  S v i t r a 1 4 2
r e p o r t e d  o n  a  s t u d y  o f  t h e  u s e f u l n e s s  o f  t h e s e  c o m p o u n d s  i n  
n . c . a .  r a d i o b r o m i n a t i o n  a n d  r a d i o i o d i n a t i o n .  A  s e r i e s  o f  a l k y l -  a n d  
a r y l p e n t a f l u o r o s i l i c a t e s  w a s  s y n t h e s i z e d  a n d  r e a c t e d  w i t h  e l e c t r o -
p h i l i c  h a l o g e n  s p e c i e s  p r o d u c e d  b y  i n  s itu  o x i d a t i o n  o f  [ 7 7 B r I -
b r o m i d e  a n d  [ 1 3 1 I I - i o d i d e  :
T h e  m e t h o d  p r o v e d  t o  b e  v e r y  e f f e c t i v e  a n d  r a d i o c h e m i c a l  
y i e l d s  i n  t h e  r a n g e  7 4  -  9 6 %  w e r e  o b t a i n e d .  I n  c o n t r a s t  t o  t h e  
r e a c t i o n s  i n v o l v i n g  a r y l t r i m e t h y l s i l a n e s ,  t h i s  p r o c e s s  w a s  u n a f f e c t e d  
b y  a  c h a n g e  o f  s o l v e n t  (A c O H  t o  M e O H ) a n d ,  s i g n i f i c a n t l y ,  c o u l d  b e
c a r r i e d  o u t  u s i n g  c o m m e r c i a l  r a d i o h a l i d e  s o l u t i o n s  c o n t a i n i n g  N a O H .
A r y l p e n t a f l u o r o s i l i c a t e s  a r e  p r e p a r e d  b y  t h e  a c t i o n  o f  p o t a s s i u m  
f l u o r i d e  o n  a r y l t r i c h i o r a s i l a n e s .  T h e s e  i n  t u r n  a r e  o b t a i n e d  f r o m  
t h e  r e a c t i o n  o f  t e t r a c h l o r o s i l a n e  w i t h  t h e  a p p r o p r i a t e  G r i g n a r d  
r e a g e n t s .  T h e  a r y l p e n t a f l u o r o s i l i c a t e s  a r e  p r o d u c e d  a s  h e a v y  w h i t e
p r e c i p i t a t e s  w h i c h  a r e  i n s o l u b l e  i n  m o s t  s o l v e n t s .  T h i s  m a k e s  t h e m  
e a s y  t o  p u r i f y ,  h u t  i s  a l s o  t h e i r  p r i n c i p a l  d i s a d v a n t a g e .  W h e r e a s  
- S i l e 3  g r o u p s  c a n  b e  c a r r i e d  t h r o u g h  a  s y n t h e t i c  s e q u e n c e ,  t h e
i n s o l u b i l i t y  o f  a r y l p e n t a f l u o r o s i l i c a t e s  p r e v e n t s  t h e i r  i n t r o d u c t i o n  
u n t i l  t h e  f i n a l  s t e p .  T h e i r  p r e c u r s o r s ,  a r y l t r i c h l o r o s i l a n e s ,  a r e  t o o  
r e a c t i v e  t o  h e  c a r r i e d  t h r o u g h  m u l t i - s t e p  s y n t h e s e s .
-37-
( i i i )  G e r m a n e s
A r y l t r i  a l k y l  g e r m a n e s  c a n  b e  c l e a v e d  b y  h a l o g e n s  i n  t h e  
s a m e  w a y  a s  t h e i r  s i l i c o n  c o u n t e r p a r t s  :
C A T
T h e  c a r b a n - g e r m a n i u m  b o n d  i s  s o m e w h a t  w e a k e r  t h a n  t h e
c a r b o n - s i l i c o n  b o n d ,  t h u s  t h e  r e a c t i o n  p r o c e e d s  m o r e  r e a d i l y . 14 1  T h e  
u s e  o f  i o d o d e g e r m y l a t i o n  i n  t h e  r a d i o i o d i n a t i a n  o f  s i m p l e  m o d e l
c o m p o u n d s  h a s  b e e n  e x t e n s i v e l y  s t u d i e d  b y  K o e r l e i n . 1 4 3  D e s p i t e  t h e  
p r o m i s i n g  r e s u l t s ,  g e r m y l a t e d  d e r i v a t i v e s  d o  n o t  a p p e a r  t o  h a v e
b e e n  u s e d  i n  t h e  p r e p a r a t i o n  o f  r a d i o p h a r m a c e u t i c a l s .  O n e  f a c t o r  
m a y  b e  t h e  h i g h  c o s t  o f  g e r m a n iu m  c o m p o u n d s ,  c o m p a r e d  t o  t h e i r
s i l i c o n  a n d  t i n  a n a l o g u e s ,  a l t h o u g h  i n  r a d i o l a b e l l i n g  t h e  c o s t  o f  
t h e  i s o t o p e  w o u ld  o u t w e i g h  t h e  c o s t  o f  a n y  c h e m i c a l  r e a g e n t s .
( i v >  S t a n n a n e s
S t a n n y l a t e d  p r e c u r s o r s  h a v e  b e e n  u s e d  v e r y  e x t e n s i v e l y  i n  
r a d i o i o d i n a t i o n . 1 4 4  T r i b u t y l t i n  d e r i v a t i v e s  a r e  p r e f e r e d  t o  t r i m e t h y l -  
t i n  d e r i v a t i v e s  a s  t h e y  a r e  l e s s  t o x i c .  A r y l - t i n  b o n d s  a r e  r e a d i l y  
c l e a v e d  b y  h a l o g e n s ,  e v e n  w h e n  t h e  a r o m a t i c  r i n g  i s  d e a c t i v a t e d  t o  
e l e c t r o p h i l i c  a t t a c k  :
—38—
I n  r a d i o l a b e l l i n g ,  t h e  i o d i n e  e l e c t r o p h i l e  i s  m a s t  c o m m o n ly  
g e n e r a t e d  in  s itu  f r o m  s o d i u m  i o d i d e  a n d  c h l o r a m i n e - T  ( v i d e  in f r a ) .  
A n  e x t e n s i v e  r e v i e w  o f  a p p l i c a t i o n s  o f  s u c h  m e t h o d o l o g y  i s  g i v e n  
i  n  S e c t  i  o n  5 . 1 .
A r o m a t i c  c o m p o u n d s  c a n  b e  t h a l l i a t e d  u s i n g  t h a l l i u m  ( I I I )  
t r i f l u o r o a c e t a t e  i n  T F A .  T h e  r e s u l t i n g  a r y l t h a l l i u m  b i s ( t r i f l u o r o -  
a c e t a t e s )  y i e l d  a r o m a t i c  i o d i d e s  u p o n  t r e a t m e n t  w i t h  i n o r g a n i c  
i o d i d e . 1 4 5  S u c h  m e t h o d o l o g y  i s  d e a l t  w i t h  i n  c o n s i d e r a b l e  d e t a i l  
i n  S e c t i o n  2 . 1 .
-39-
<v> Thallates
TTFA 
— ► 
TFA
G i l l i l a n d  e t  a l . 1 4 5  h a v e  e x p l o r e d  t h e  u t i l i t y  o f  t h e  a b o v e  
r e a c t i o n  i n  t h e  p r o d u c t i o n  o f  r a d i o p h a r m a c e u t i c a l s ,  a c h i e v i n g  r a d i o ­
c h e m i c a l  y i e l d s  a s  h i g h  a s  8 1 % . ( F o r  f u r t h e r  d e t a i l s ,  s e e  S e c t i o n  
2 . 1 . 2 ,  p . 7 6 ) .
( v i )  M e r c u r i a l s
A s i m i l a r  t r a n s f o r m a t i o n  t o  t h a t  o u t l i n e d  i n  p a r t  < v )  a b o v e  
c a n  b e  c a r r i e d  o u t  v i a  a r y l m e r c u r y  i n t e r m e d i a t e s .  T h i s  r e a c t i o n  i s  
d i s c u s s e d  i n  S e c t i o n  2 . 2 ,  M e r c u r i a t e d  d e r i v a t i v e s  h a v e  b e e n  l i t t l e  
u s e d  i n  t h e  r a d i o i o d i n a t i o n  o f  a r o m a t i c  c o m p o u n d s ,  b u t  a  g r e a t  
n u m b e r  o f  r a d i o h a l o g e n a t i o n s  h a v e  b e e n  p e r f o r m e d  v ia  a l i p h a t i c  a n d  
v i n y l i c  m e r c u r i a l s . 1 3 0
O r g a n o l e a d  c o m p o u n d s ,  a n a l o g o u s  t o  t h e  s i l i c o n ,  g e r m a n iu m  
a n d  t i n  c o m p o u n d s  d e s c r i b e d  i n  p a r t s  ( i i )  -  ( i v > ,  a r e  k n o w n ,  a l t h o u g h  
t h e s e  a r e  v e r y  r e a c t i v e  a n d  n o t  o f  a n y  u t i l i t y .
I n  a d d i t i o n ,  t h e r e  h a v e  b e e n  r e p o r t s  o f  e l e c t r o p h i l i c  
p l u m b y l a t i o n  r e a c t i o n s  a n a l o g o u s  t o  t h o s e  d e s c r i b e d  f o r  t h a l l i u m  
a n d  m e r c u r y  i n  p a r t s  ( v )  a n d  ( v i ) .  F o r  e x a m p l e ,  a r o m a t i c  e t h e r s  r e a c t  
w i t h  l e a d  t e t r a a c e t a t e  i n  b e n z e n e  o r  a c e t i c  a c i d  a t  e l e v a t e d  
t e m p e r a t u x 'e s  t o  g i v e  t h e  p a r a - a r y l l e a d  t r i a c e t a t e 1 4 7  :
A rH  + Pb(OAc) 4 A rPb(O Ac ) 3 + HOAc 1  2 0
S e r g u c h e v  e t  a i . 1 4 S  h a v e  d e s c r i b e d  t h e  i o d i n a t i o n  o f  a  
s e r i e s  o f  s i m p l e  a r e n e s  u s i n g  P b ( O A c ) ^  a n d  i n  T F A  s o l u t i o n .
-4 0 -
(vi i) P1umbanes
M u c k  o f  t h e  w o r k  o n  d e v e l o p i n g  r a d i a i o d i n a t i o n  p r o c e d u r e s  
h a s  b e e n  c o n c e r n e d  w i t h  t h e  l a b e l l i n g  o f  p e p t i d e s  a n d  p r o t e i n s .  A s  
a  c o n s e q u e n c e ,  t h i s  s e c t i o n  i s  l a r g e l y  a  s u m m a r y  o f  t h e  t e c h n i q u e s  
u s e d  t o  r a d i o i o d i n a t e  s u c h  l a r g e  b i o m o l e c u l e s .  H o w e v e r ,  n a t e s  o n  t h e  
r a d i o i o d i n a t i o n  o f  s m a l l e r  a r o m a t i c  m o l e c u l e s  a r e  i n c l u d e d  v /h e r e  
a p p r o p r i a t e .
I n  t h e  c o n t e x t  o f  p r o t e i n  l a b e l l i n g ,  t h e  t e r m s  " d i r e c t "  
a n d  " i n d i r e c t "  h a v e  d i f f e r e n t  m e a n i n g s  t h a n  t h o s e  i n  t h e  c a s e  o f  
s i m p l e  a r o m a t i c  i o d i n a t i o n .  " D i r e c t "  i o d i n a t i o n  o f  a  p r o t e i n  r e f e r s  
t o  t h e  e l e c t r o p h i l i c  a t t a c k  o f  i o d i n e  o n  t y r o s i n e  o r  h i s t i d i n e  
r e s i d u e s ;  " i n d i r e c t "  r e f e r s  t o  t h e  a t t a c h m e n t  o f  a  r a d i o l a b e l l e d  
m o i e t y  t o  t h e  p r o t e i n ,  u s u a l l y  v i a  a  f r e e  - N H 2  g r o u p .
1 . 4 . 1  D i r e c t  R a d i o i o d i n a t i o n  o f  B i o m o l e c u l e s  
( i >  M o l e c u l a r  I o d i n e
T h e  t y r o s i n e  r e s i d u e s  i n  p r o t e i n s  a r e  r e l a t i v e l y  r e a c t i v e  
a n d  m a y , u n d e r  s u i t a b l e  c o n d i t i o n s ,  b e  a t t a c k e d  b y  m o l e c u l a r  i o d i n e .  
H o w e v e r ,  r a d i o i o d i n e  i s  a l m o s t  i n v a r i a b l y  s u p p l i e d  a s  s o d iu m  i o d i d e ,  
s o  a n  o x i d a t i o n  s t e p  i s  r e q u i r e d .  N u m e r o u s  o x i d i s i n g  a g e n t s  h a v e  
b e e n  u s e d  t o  b r i n g  a b o u t  t h i s  c o n v e r s i o n ,  f o r  e x a m p l e ,  i r o n  ( I I I )  
s u l p h a t e 1 4 3 , n i t r o u s  a c i d 1 5 0 , p o t a s s i u m  i o d a t e 1 5 1 , h y d r o g e n  p e r o x i d e 1 5 2  
a n d  a m m o n iu m  p e r s u l p h a t e . 1 5 3  I n  t h e o r y ,  a l l  t h e  o x i d a n t s  d e s c r i b e d  
i n  S e c t i o n  1 . 3 . 1  c o u l d  b e  u s e d  i n  r a d i o c h e m i c a l  w o r k ,  b u t  t h e r e  
a r e  t w o  i m p o r t a n t  r e a s o n s  w h y  o x i d a t i o n  t o  m o l e c u l a r  i o d i n e  i s  
n o t  f a v o u r e d .
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1.4 Radioiodination Techniques
T h e  f i r s t  d i s a d v a n t a g e  i s  t h a t  o n l y  5 0 %  o f  t h e  i s o t o p e  
c a n  b e  i n c o r p o r a t e d  i n t o  t h e  s u b s t r a t e ;  h e t e r o l y t i c  c l e a v a g e  o f
t h e  I - I  b o n d  m e a n s  t h a t  t h e  o t h e r  5 0 %  e n d s  u p  a s  r a d i o i o d i d e .
A f u r t h e r  d i s a d v a n t a g e  i s  t h a t  t h e  v o l a t i l i t y  o f  m o l e c u l a r  i o d i n e  
m a k e s  i t  m u c h  m o r e  h a z a r d o u s  t o  h a n d l e  t h a n  i o d i d e .  T h e  o x i d a t i o n
s t e p  a l s o  t a k e s  t i m e ,  t h u s  l e n g t h e n i n g  t h e  r a d i a t i o n  e x p o s u r e  t i m e  
o f  w o r k e r s  a n d  r e s u l t i n g  i n  s o m e  l o s s  Q f  r a d i o a c t i v i t y .
( i i >  I o d i n e  M o n o c h l o r i d e
A s  m e n t i o n e d ,  i n  S e c t i o n  1 . 3 . 1 ,  i o d i n e  m o n o c h l o r i d e  h a s  b e e n  
u s e d  a s  a  s o u r c e  o f  p o s i t i v e  i o d i n e  f o r  a  g r e a t  m a n y  y e a r s .  F o r  
r a d i o l a b e l l i n g  p u r p o s e s ,  t h e  t e c h n i q u e  w a s  i n t r o d u c e d  i n  1 9 5 8  b y  
H c F a r l a n e . 1 5 4  T h e  m o l e c u l e  i s  p o l a r i s e d  s o  t h a t  t h e  i o d i n e  b e a r s  a  
p a r t i a l  p o s i t i v e  c h a r g e ;  t h i s  c i r c u m v e n t s  t h e  p r o b l e m  o f  i s o t o p e  
l o s s  m e n t i o n e d  i n  t h e  p r e c e d i n g  s e c t i o n  s i n c e  a l l  t h e  i o d i n e  i s  
a b l e  t o  a c t  a s  a n  e l e c t r o p h i l e .  H o w e v e r ,  i n  i t s  o r i g i n a l  f o r m 1 5 4 ,
t h e  r e a c t i o n  w a s  o n l y  u s e f u l  f o r  t r a c e  l a b e l l i n g  s i n c e  n o n - r a d i o ­
a c t i v e  IC 1  w a s  u s e d  t o  g e n e r a t e  t h e  l a b e l l e d  r e a g e n t  v i a  e x c h a n g e
w i t h  r a d i o i o d i d e .
A s o m e w h a t  i m p r o v e d  t e c h n i q u e  w a s  r e p o r t e d  b y  H e lm k a m p  e t 
a l . 1 5 5  i n  1 9 6 0 .  T h e y  f o u n d  t h a t  h y d r o g e n  p e r o x i d e  i n  c o m m e r c i a l  
H a 1 3 1 I  i n t e r f e r e d  w i t h  t h e  l a b e l l i n g  r e a c t i o n ,  a n d  s o  r e d u c e d  i t  
b y  t h e  a d d i t i o n  o f  s u l p h i t e  i o n s .  T h e  m e t h o d  a l l o w e d  Y - g l o b u l i n  t o  
b e  l a b e l l e d  t o  a  l e v e l  o f  lO .m C i /  m g o f  p r o t e i n .  I n  1 9 6 1 ,  S a m o ls
a n d  W i l l i a m s 1 5 5  r e p o r t e d  i m p r o v e d  r e s u l t s  f o r  t h e  t r a c e - l a b e l l i n g  o f
i n s u l i n  b y  t h e  i o d i n e  m o n o c h l o r i d e  m e t h o d .
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I n  1 9 6 7 ,  H e lm k a m p  e t  a l . 1 S 7 ' 1 E 3  r e p o r t e d  o n  a  m o d i f i c a t i o n  
o f  t h e  t e c h n i q u e  k n o w n  a s  t h e  o x i d a t i v e  IC 1  m e t h o d .  T h i s  i n v o l v e d  
t h e  f o r m a t i o n  o f  t h e  I C 1 3 “  a n i o n  b y  o x i d a t i o n  o f  i o d i d e  i o n s  w i t h
p e r i o d a t e  i n  h y d r o c h l o r i c  a c i d  :
21" + 10” + 6  HCI 3 IC I’  + 3H zO 1 . 2 1
F r o m  t h e  s t o i c h i o m e t r y  o f  e q u a t i o n  1 . 2 1 ,  i t  i s  a p p a r e n t  
t h a t  t w o - t h i r d s  o f  t h e  p o s i t i v e  i o d i n e  i s  d e r i v e d  f r o m  t h e  i o d i d e
w h i l e  t h e  r e m a i n i n g  t h i r d  c o m e s  f r o m  t h e  p e r i o d a t e .  T h u s ,  u s i n g  
n . c . a .  r a d i o i o d i d e ,  u p  t o  6 6 %  o f  t h e  i o d i n e  i n  t h e  p r o d u c t  m a y  b e
r a d i o a c t i v e ,  a n d ,  i n  t h e o r y ,  a l l  o f  t h e  i s o t o p e  i s  a v a i l a b l e  f o r  
r e a c t i o n .
T h i s  t e c h n i q u e  w a s  i n v e s t i g a t e d  f u r t h e r  b y  D o r a n  a n d  S p a r  
w h o  u s e d  i t  f o r  t h e  i o d i n a t i o n  D f  v a r i o u s  p r o t e i n s  f o r  R I A  a n d
t h e  l o c a l i s a t i o n  o f  t i s s u e  a n t i g e n s . 1 5 3  T h e  l a b e l l e d  p r o t e i n s  w e r e  
o f  a  h i g h  q u a l i t y ,  a n d  s h o w e d  i m p r o v e d  r e t e n t i o n  o f  b i o l o g i c a l  
a c t i v i t y  c o m p a r e d  t o  p r o t e i n s  l a b e l l e d  b y  o x i d a t i v e  i o d i n a t i o n  w i t h  
c h i o r a m i  n e - T  < v i  de i n f r a ) .
T h e  p r o d u c t i o n  a n d  u s e  o f  c a r r i e r - f r e e  1 2 3 I ~ i o d i n e  m o n o ­
c h l o r i d e  w a s  f i r s t  d e s c r i b e d  i n  1 9 7 2  b y  L a m b r e c h t  e t a l . 5 7  C a r r i e r
- f r e e  1 2 S I  w a s  p r o d u c e d  b y  t h e  d e c a y  o f  1 2 3 X e ,  w h i c h  i n  t u r n  w a s
p r o d u c e d  b y  t h e  4 H e  b o m b a r d m e n t  o f  1 :2 2 T e .  B y  c o n d e n s i n g  1 2 3 X e  i n  
a m p o u le s  c o n t a i n i n g  e x c e s s  C l ^ ,  1 2 3 I - I C 1  w a s  p r o d u c e d  i n  y i e l d s  o f
a r o u n d  9 0 % , a f t e r  s e v e r a l  h o u r s  i n c u b a t i o n  a t  a m b i e n t  t e m p e r a t u r e .  
E x c e s s  C is :  w a s  r e m o v e d  in  vacuo t o  l e a v e  c a r r i e r - f r e e  1 2 3 I - I C 1 .
T h e  a u t h o r s  d e m o n s t r a t e d  t h a t  t h e  I C 1  p r e p a r e d  i n  t h i s  w a y  c o u l d
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b e  u s e d  t o  i o d i n a t e  s a l i c y l i c  a c i d ,  h u m a n  s e r u m  a l b u m i n  a n d  o t h e r  
s u b s t r a t e s  a t  v e r y  h i g h  s p e c i f i c  a c t i v i t i e s .
(  i 1 i ) C h i o r a m i n e - T
C h l o r a m i n e - T  i s  t h e  N - c h l o r o -  d e r i v a t i v e  o f  t h e  s o d iu m  s a l t  
o f  t h e  a m id e  o f  p - t o l u e n e s u l f o n i c  a c i d .  I t s  u s e  i n  r a d i o i o d i n a t i o n  
w a s  i n t r o d u c e d  b y  H u n t e r  a n d  G r e e n w o o d  i n  1 9 6 2 . 1 S O j 16 1  T h e  r e a g e n t
h a s  s i n c e  b e c o m e  t h e  m o s t  w i d e l y  u s e d  o x i d a n t  i n  r a d i o i o d i n a t i o n .  
C h l o r a m i n e - T  b r e a k s  d o w n  s l o w l y  i n  a q u e o u s  s o l u t i o n ,  r e l e a s i n g  H 0 C 1 ,  
w h i c h  i s  b e l i e v e d  t o  b e  t h e  a c t u a l  o x i d i s i n g  s p e c i e s .  T h i s  r e a c t s
w i t h  i o d i d e  t o  f o r m  s o m e  s o r t  o f  e l e c t r o p h i l i c  i o d i n e  s p e c i e s ,  
p o s s i b l y  H z O I * .  A l l  o f  t h e  a v a i l a b l e  r a d i o i o d i d e  c a n  b e  c o n v e r t e d  
i n t o  s u c h  a n  e l e c t r o p h i l i c  f o r m ,  t h u s  h i g h  s p e c i f i c  a c t i v i t i e s  a r e  
a c c e s s i b l e .
P r o t e i n  l a b e l l i n g  w i t h  c h l o r a n r i n e - T  i s  c a r r i e d  o u t  i n
b u f f e r e d  a q u e o u s  m e d i a .  T h e  o p t im u m  p H  f o r  t y r o s i n e  l a b e l l i n g  i s  
a r o u n d  7 . 2 ,  w h i l e  h i s t i d i n e  r e q u i r e s  a  p H  o f  8 . 1 . 5  R e a c t i o n s  a r e  
t e r m i n a t e d ,  t y p i c a l l y  a f t e r  a  few  m i n u t e s ,  b y  t h e  a d d i t i o n  o f  a  
r e d u c i n g  a g e n t .  T h i s  r e d u c e s  n o t  o n l y  c h l o r a m i n e - T ,  b u t  u n r e a c t e d  
i o d i n e  a s  w e l l .  C a r r i e r  K l  a n d  a  f u r t h e r  p r o t e c t i v e  p r o t e i n  a r e  
t h e n  a d d e d .  T h e  K l  f a c i l i t a t e s  r e m o v a l  o f  u n r e a c t e d  r a d i o i o d i d e  b y  
g e l  f i l t r a t i o n ,  w h i l e  t h e  s e c o n d  p r o t e i n  a c t s  a s  a  c a r r i e r  a n d  
s e r v e s  t o  m i n i m i s e  l o s s e s  o f  t h e  l a b e l l e d  m a t e r i a l ,  f o r  e x a m p l e ,  b y  
a d h e s i o n  t o  g l a s s  s u r f a c e s .  B e c a u s e  o f  t h e  t e n d e n c y  o f  p r o t e i n s  t o  
a d h e r e  t o  g l a s s ,  p o l y s t y r e n e  r e a c t i o n  v e s s e l s  a r e  g e n e r a l l y  u s e d  
f o r  w o r k  o f  t h i s  n a t u r e .
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T h e  p r i n c i p a l  p r o b l e m  a s s o c i a t e d  w i t h  c h l o r a m i n e - T  l a b e l l i n g  
o f  p r o t e i n s  i s  t h a t  o x i d a t i o n  d a m a g e  m a y  o c c u r .  M e t h i o n i n e  r e s i d u e s  
a r e  e s p e c i a l l y  s u s c e p t i b l e ,  b e i n g  e a s i l y  c o n v e r t e d  t o  s u l p h o x i d e s . s
r n  a d d i t i o n ,  t r y p t o p h a n y l  p e p t i d e  b o n d s  m y  b e  c l e a v e d .  A  f u r t h e r
u n d e s i r a b l e  s i d e  r e a c t i o n  i s  c h l o r i n a t i o n .  A s  c h l o r a x n i n e - T  i s  u s e d  
i n  e x c e s s  w i t h  r e s p e c t  t o  i o d i d e  i o n s ,  s i g n i f i c a n t  s u b s t i t u t i o n  b y  
e l e c t r o p h i l i c  c h l o r i n e  s p e c i e s  m y  o c c u r .
C o m p e t in g  s i d e  r e a c t i o n s  a r e  m i n i m i s e d  b y  k e e p i n g  r e a c t i o n
t i m e s  a s  s h o r t  a s  p o s s i b l e  a n d  b y  u s i n g  t h e  m in im u m  a m o u n t  o f  
c h l o r a m i n e - T .  T h e  c o n d i t i o n s  a r e  n e v e r t h e l e s s  q u i t e  h a r s h  f o r  
p r o t e i n s  a n d  n u m e r o u s  r e p o r t s  h a v e  d e s c r i b e d  l o s s  o f  s t r u c t u r a l  
i n t e g r i t y  a n d  d e c r e a s e d  b i o l o g i c a l  a c t i v i t y  f a l l o w i n g  e x p o s u r e  t o  
c h l o r a m i n e - T .
S e v e r a l  m o d i f i c a t i o n s  o f  t h e  c h l o r a m i n e - T  m e t h o d  h a v e  b e e n
p u b l i s h e d .  A q u e o u s  c h l o r i n e 1 5 2  a n d  s o d i u m  h y p o c h l o r i t e 1 5 3  h a v e  b e e n  
u s e d  t o  o x i d i s e  r a d i o i o d i d e  v i a  e s s e n t i a l l y  t h e  s a m e  c h e m i s t r y .  
P r o t e i n s  l a b e l l e d  i n  t h i s  w a y  h a v e  s h o w n  e n h a n c e d  r e t e n t i o n  o f  
b i o l o g i c a l  a n d  i m m u n o l o g i c a l  a c t i v i t y  c o m p a r e d  t o  t h o s e  l a b e l l e d  b y  
t h e  c h l o r a m i n e - T  m e t h o d .
( i v )  iD d o b e a d s
S i n c e  t h e  e a r l y  1 9 8 0 ' s ,  t h e  P i e r c e  C h e m i c a l  C o m p a n y  h a v e  
m a r k e t e d  " I o d a b e a d s " . T h e s e  a r e  n o n - p o r o u s  p o l y s t y r e n e  b e a d s ,  2 .8 m m  
i n  d i a m e t e r ,  d e r i v a t i s e d  w i t h  H - c h l o r o b e n z e n e s u l p h o n a m i d e .  C h e m i c a l l y ,  
t h e y  a r e  e q u i v a l e n t  t o  i m m o b i l i s e d  c h l o r a m i n e - T .  T h e  u s e f u l n e s s  o f  
I o d a b e a d s  i n  r a d i o i o d i n a t i o n  w a s  f i r s t  r e p o r t e d  b y  M a r k w e l l 1 6 4  i n  
1 9 8 2 ,  w h o  u s e d  t h e m  i n  t h e  12 S I - l a b e l l i n g  o f  a n t i p o r c i n e  i n s u l i n
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a n t i s e r u m .  N o t a b l e  r e s u l t s  w e r e  a n  a l m o s t  q u a n t i t a t i v e  i n c o r p o r a t i o n  
o f  r a d l o i o d i d e  i n t o  t h e  p r o t e i n  ( 9 9 % )  a n d  a n  e x c e l l e n t  r e c o v e r y  o f
t h e  p r o t e i n  ( 9 5 % ) .  R e a c t i o n s  w e r e  t e r m i n a t e d  b y  s i m p l y  r e m o v i n g  t h e  
r e a c t i o n  s o l u t i o n  f r o m  t h e  I o d o b e a d s  w i t h  a  P a s t e u r  p i p e t t e ,  s o  a
r e d u c i n g  a g e n t  w a s  n o t  r e q u i r e d .
Io d o b e a d s  h a v e  s i n c e  f o u n d  f a v o u r  w i t h  m a n y  w o r k e r s  i n
t h e  r a d i o l a h e l l i n g  f i e l d .  F o r  e x a m p l e ,  T s o m i d e s  a n d  E i s e n 1 6 5  u s e d  
t h e m  i n  t h e  s t o i c h i o m e t r i c  l a b e l l i n g  o f  p e p t i d e s ,  w h i l e  C u l b e r t  a n d
H u n t e r 1GS u s e d  t h e m  i n  t h e  i o d D d e s t a n n y l a t i o n  o f  a n  IM P  p r e c u r s o r  
b o u n d  t o  a n  o r g a n o t i n  p o l y m e r  ( s e e  p . 2 4 9 ) .
( v )  I o d o g e n
l a d o g e n  i s  t h e  c o m m e r c i a l  n a m e  o f  1 , 3 , 4 , 6 - t e t r a c h l o r o - 3 a , 6 a -  
d i p h e n y l g l y c o u r i l , a  r e a g e n t  i n t r o d u c e d  b y  F r a k e r  a n d  S p e c k 1 6 7  i n  
1 9 7 8  ( s t r u c t u r e  o n  p .  ( x ) ) .  I t  i s  a n  o x i d i s i n g  a g e n t  s t r u c t u r a l l y  
s i m i l a r  t o  c h l o r a m i n e - T .  I t  i s  h o w e v e r  e s s e n t i a l l y  i n s o l u b l e  i n
w a t e r  a n d  i s  u s e d  i n  t h e  f o r m  o f  a  c o a t i n g  o n  t h e  i n s i d e  o f  
r a d i o i o d i n a t i o n  v e s s e l s .  A  s o l u t i o n  o f  t h e  c o m p o u n d  i n  d i c h l o r o -  
m e t h a n e  i s  t r a n s f e r r e d  t o  t h e  r e a c t i o n  v e s s e l  a n d  t h e  s o l v e n t  i s
a l l o w e d  t o  e v a p o r a t e  s l o w l y  s o  a s  t o  p r o d u c e  a  c o a t i n g .  R a d i o ­
l a b e l l i n g  i s  t h e n  c a r r i e d  o u t  b y  a d d i n g  b u f f e r e d  p e p t i d e  o r
p r o t e i n  s o l u t i o n  a n d  r a d i o a c t i v e  s o d i u m  i o d i d e  t o  t h e  t r e a t e d  
v e s s e l .  A s  t h e  r e a c t i o n  i s  a  h e t e r o g e n e o u s  p r o c e s s ,  l o n g e r  r e a c t i o n  
t i m e s  a r e  r e q u i r e d .  T h i s  m a y  c a u s e  p r o b l e m s  w i t h  m o r e  s e n s i t i v e  
p r o t e i n s .
- 4 6 -
T h e  p r i n c i p a l  a d v a n t a g e  o f  i o d o g e n  i s  o b v i o u s ;  b e i n g  a  
s o l i d  p h a s e  r e a c t a n t  i t  i s  r a p i d l y  s e p a r a t e d  f r o m  t h e  p r o t e i n  
s o l u t i o n .  F u r t h e r m o r e ,  t h e  h e t e r o g e n e o u s  n a t u r e  o f  t h e  r e a c t i o n  
s i g n i f i c a n t l y  r e d u c e s  t h e  o x i d a t i o n  p r o b l e m s  a s s o c i a t e d  w i t h  
c h l c r a m i n e - T .  1 6 8  A  r e c e n t  p u b l i c a t i o n  c l a i m s  o p t i m i s a t i o n  o f  t h e  
m e t h o d . 1 6 3
( v i >  E n z y m a t i c  O x i d a t i o n
P e r o x i d a s e  e n z y m e s ,  i n  t h e  p r e s e n c e  o f  n a n o m o l a r  q u a n t i t i e s  
o f  h y d r o g e n  p e r o x i d e  a n d  i o d i d e  i o n s ,  h a v e  t h e  a b i l i t y  t o  i o d i n a t e  
t y r o s i n e ,  a n d  t o  a  l e s s e r  e x t e n t ,  h i s t i d i n e  r e s i d u e s .  M o s t  e f f e c t i v e
i s  l a c t o p e r o x i d a s e  w h i c h  h a s  b e e n  u s e d  q u i t e  e x t e n s i v e l y  i n  t h e  
l a b e l l i n g  o f  p r o t e i n s . 1 7 0 - 1 7 3
E a r l y  w o r k  w i t h  l a c t o p e r o x i d a s e  w a s  a i m e d  a t  t h e  t r a c e -  
l a b e l l i n g  o f  p r o t e i n s ,  f o r  e x a n p l e  i m m u n o g l o b u l i n s . 1 7 0  H i g h e r  s p e c i f i c
a c t i v i t i e s  w e r e  r e p o r t e d  i n  1 9 7 1  b y  T h o r e l l  a n d  J o h a n s s o n 1 7 1 , f o r  
t h e  1 2 S I - l a b e l l i n g  o f  v a r i o u s  p o l y p e p t i d e  h o r m o n e s .
E n z y m a t i c  o x i d a t i o n  i s  p e r h a p s  t h e  m i l d e s t  o f  a l l  t h e  
t e c h n i q u e s  u s e d  i n  r a d i o i o d i n a t i o n .  T h i s  i s  p a r t i c u l a r l y  t r u e  w h e n  
t h e  h y d r o g e n  p e r o x i d e  r e q u i r e d  i s  g e n e r a t e d  in  s i t u  b y  a n o t h e r
e n z y m e ,  i e .  g l u c o s e  o x i d a s e . 1 7 2  B e c a u s e  o f  t h e  m i l d  c o n d i t i o n s ,  d a m a g e  
t o  p r o t e i n s  i s  m i n i m a l .  M i g a c h i  a n d  C h a m b r a c h 1 7 3  i o d i n a t e d  v a r i o u s  
h o r m o n e s  ( g o n a d o t r o p i n s )  b y  b o t h  e n z y m a t i c  m e a n s  a n d  c h l o r a m i n e - T  
o x i d a t i o n ,  t h e n  e x a m i n e d  t h e  p r o d u c t s  b y  g e l  e l e c t r o p h o r e s i s .  M u c h  
l e s s  d a m a g e  o c c u r r e d  w h e n  t h e  e n z y m e  w a s  u s e d ,  a n d ,  i n  c o n t r a s t  t o
s o m e  r e a c t i o n s  i n v o l v i n g  c h l o r a m i n e - T ,  f u l l  b i o l o g i c a l  a c t i v i t y  w a s
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p r e s e r v e d .  A  s e c o n d  e x a m p l e  i s  t h e  n . c . a .  l a b e l l i n g  o f  f i b r i n o g e n ,  a  
c o m p o u n d  w h i c h  i s  v e r y  s e n s i t i v e  t o  c h e m i c a l  e f f e c t s  t h a t  c a n
d e s t r o y  i t s  b i o l o g i c a l  a c t i v i t y . 1 7 4
A f u r t h e r  d e v e l o p m e n t  i n  t h i s  f i e l d  i s  t h e  u s e  o f  s o l i d -  
p h a s e  l a c t o p e r o x i d a s e . 1 7 5  T h e  e n z y m e  h a s  b e e n  i m m o b i l i s e d  o n  v a r i o u s  
s u p p o r t s  s u c h  a s  s e p h a r o s e 1 7 5  a n d  p h e n o x y a c e t y l c e l l u l o s e  ( E n z o r b  A).177 
R e a c t i o n s  i n v o l v i n g  s u c h  s y s t e m s  a r e  c a r r i e d  o u t  u s i n g  s u s p e n s i o n s  
o f  t h e  s o l i d  r e a g e n t s  i n  b u f f e r e d  m e d i a ,  a n d  t e r m i n a t e d  s i m p l y  b y  
d i l u t i n g  o r  c e n t r i f u g i n g  t h e  r e a c t i o n  m i x t u r e .  I o d i n a t e d  p r o d u c t s
c a n  t h e n  b e  r a p i d l y  s e p a r a t e d  f r o m  t h e  i m m o b i l i s e d  e n z y m e  b y  g e l  
f i l t r a t i o n . 1 7 3
I n  s u m m a r y , e n z y m a t i c  o x i d a t i o n  p r o v i d e s  a n  e x t r e m e l y  m i l d
a l t e r n a t i v e  t o  c h e m i c a l  o x i d a t i o n  a n d  i s  t h u s  p a r t i c u l a r l y  s u i t e d
t D  t h e  i o d i n a t i o n  o f  s e n s i t i v e  s u b s t r a t e s .  H o w e v e r ,  f u l l  u s e  o f  t h e  
I s o t o p e  i s  n e v e r  r e a l i s e d  s i n c e  t h e  d e s i r e d  r e a c t i o n  i s  a l w a y s  
a c c o m p a n i e d  b y  s o m e  s e l f - i o d i n a t i o n  o f  t h e  e n z y m e .
( v i i )  E l e c t r o l y t i c  O x i d a t i o n
T h e r e  h a v e  b e e n  n u m e r o u s  r e p o r t s  o n  t h e  r a d i o i o d i n a t i o n  o f  
p e p t i d e s  b y  e l e c t r o l y t i c  o x i d a t i o n  o f  i o d i d e  i o n s .  S u c h  p r o c e s s e s
h a v e  i n v a r i a b l y  b e e n  c a r r i e d  o u t  i n  a q u e o u s  m e d i a ,  a n d  t h u s  d i f f e r  
c o n s i d e r a b l y  f r o m  t h e  w o r k  o n  p o s i t i v e  i o d i n e  s p e c i e s  d e s c r i b e d  i n  
C h a p t e r  F o u r .
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A m o n g  t h e  e a r l i e s t  r e p o r t s  o f  e l e c t r o l y t i c  i o d i n a t i o n  w e r e  
t h o s e  o f  R o s a  e t  a l 1 7 3 - 1 3 1 . F i b r i n o g e n 1 '7'3 , h u m a n  a l b u m i n 1 3 0  a n d  
i n s u l i n 1 3 1  w e r e  l a b e l l e d  w i t h  e i t h e r  * 3 ^ 1  o r  1 2 S I  b y  e l e c t r o l y s i s  
o f  p o t a s s i u m  r a d i o i o d i d e  s o l u t i o n s ,  i n  a  m e d iu m  o f  0 . 9 %  a q u e o u s  
s o d iu m  c h l o r i d e .  O x i d a t i o n  d a m a g e  t o  t h e  p r o t e i n s  w a s  m i n i m a l ,  i n
c o n t r a s t  t o  r e a c t i o n s  i n v o l v i n g  p o t a s s i u m  i o d a t e  o r  c h l o r a m i n e - T  a s  
o x i d a n t s .  A n o t h e r  a d v a n t a g e  w a s  t h a t  t h e  r a t e  o f  i o d i n a t i o n  c o u l d
b e  c o n t r o l l e d  b y  v a r y i n g  t h e  c u r r e n t .  T h e  r e l a t i v e  a m o u n t s  o f  m o n o  
a n d  d i - i o d i n a t e d  t y r o s i n e  w e r e  e s t i m a t e d  i n  t h e  c a s e  o f  h u m a n
a l b u m i n 1 3 0  f o l l o w i n g  e n z y m a t i c  h y d r o l y s i s .  W h e n  l o w  c u r r e n t s  w e r e  
u s e d  a  m o r e  u n i f o r m  d i s t r i b u t i o n  o f  t h e  i o d i n e  t h r o u g h o u t  t h e
t y r o s i n e  r e s i d u e s  w a s  o b t a i n e d .  I o d i n a t i o n s  w e r e  c a r r i e d  o u t  a t  p H  
7 ,  o n  a  v e r y  s m a l l  s c a l e ,  a n d  t h e o r e t i c a l  y i e l d s  w e r e  a c h i e v e d .
W e lc h  e t  a l . 1 3 -  a l s o  u s e d  e n z y m a t i c  h y d r o l y s i s  t o  a n a l y s e  
i o d i n e  d i s t r i b u t i o n  i n  l a b e l l e d  p e p t i d e s .  T h e y  c o m p a r e d  e l e c t r o l y t i c ,  
e n z y m a t i c ,  i o d i n e  m o n o c h l o r i d e  a n d  c h l o r a m i n e - T  m e t h o d s  f o r  l a b e l l i n g  
f i b r i n o g e n  a n d  f o u n d  a  v a r i a t i o n  i n  t h e  l a b e l l i n g  p a t t e r n  b e t w e e n
t h e  m e t h o d s .  T h e  e l e c t r o l y t i c  t e c h n i q u e  w a s  p e r h a p s  t h e  c l e a n e s t .
O n e  o f  t h e  d r a w b a c k s  o f  t h e  e a r l y  w o r k  w a s  t h a t  t h e
p r o c e d u r e s  r e q u i r e d  r e l a t i v e l y  l a r g e  a m o u n t s  o f  p r o t e i n ,  i . e .  lO O p g  
q u a n t i t i e s .  H o w e v e r ,  b o t h  D o n a b e d i a n  e t  a l . 1 3 3  a n d  S a m m o n  e t  a l . 1 3 4  
h a v e  d e v e l o p e d  m i c r o - e l e c t r o l y t i c  p r o c e d u r e s  f o r  t h e  l a b e l l i n g  o f  
s m a l l e r  a m o u n t s  ( 1  -  5 p g ) . D o n a b e d i a n  e t  a l . 1 3 3  u s e d  a  T e f l o n  m i c r o ­
c e l l  i n  t h e  h i g h  s p e c i f i c  a c t i v i t y  l a b e l l i n g  o f  p o l y p e p t i d e
h o r m o n e s  f o r  R I A ,  w h i l e  S arn m o n  e t  a l . 1 3 4  c a r r i e d  o u t  v e r y  s i m i l a r  
w o r k  u s i n g  a  s m a l l  p l a t i n u m  c r u c i b l e  a s  t h e  a n o d e  a n d  r e a c t i o n
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v e s s e l .  I n  b o t h  c a s e s  g o o d  r e t e n t i o n  o f  i m m u n o l o g i c a l  p r o p e r t i e s  
w a s  r e p o r t e d .
T h e  p r i n c i p a l  d i s a d v a n t a g e  a s s o c i a t e d  w i t h  t h e  e l e c t r o l y t i c  
t e c h n i q u e  i s  t h a t  t h e  p r o t e i n  i s  e x p o s e d  t o  t h e  p o t e n t i a l l y  
d a m a g in g  r a d i o i o d i d e  s o l u t i o n  f o r  a  c o n s i d e r a b l e  l e n g t h  o f  t i m e .
I n  t h e  a f o r e m e n t i o n e d  w o r k  o n  h u m a n  a l b u m i n 1 3 0 , e l e c t r o l y s i s  w a s  
c a r r i e d  o u t  o v e r  a  p e r i o d  o f  1 2  h o u r s ,  a l t h o u g h  t i m e s  o f  3 0  -  4 0  
m i n u t e s  s e e m  m o r e  t y p i c a l .  1 7 3 ' 1 3 1 * 1 8 3  E l e c t r o l y s i s  i s  p e r f o r m e d  i n  
a  d i l u t e  a q u e o u s  s o l u t i o n ,  u s u a l l y  a t  r o o m  t e m p e r a t u r e ,  a n d  s u c h  
c o n d i t i o n s  a r e  c o n d u c i v e  t o  t h e  d e n a t u r a t i o n  o f  s e n s i t i v e  p r o t e i n s .
U s e  o f  e l e c t r o l y s i s  h a s  n o t  b e e n  r e s t r i c t e d  t o  p r o t e i n
l a b e l l i n g .  T h e  t e c h n i q u e  h a s  a l s o  b e e n  u s e d  f o r  t h e  1s s I - l a b e l l i n g  
o f  e s t r a d i o l . 1 S S  E l e c t r o l y s i s  w a s  p e r f o r m e d  i n  a q u e o u s  d i o x a n  
c o n t a i n i n g  t h e  s u b s t r a t e ,  M a 1 2 S I  a n d  p h o s p h a t e  b u f f e r  (p H  7 . 4 ) .
M a x im u m  i o d i n a t i o n  y i e l d s  o f  5 5  -  6 0 %  w e r e  a t t a i n e d  a f t e r  2 5  -  3 0
m i n u t e s  a n d  p r e p a r a t i v e  T L C  p e r m i t t e d  t h e  s e p a r a t i o n  o f  2 - i o d o -
a n d  4 - i o d o e s t r a d i o l s .  T h e s e  w e r e  f o r m e d  i n  r o u g h l y  e q u a l  a m o u n t s .
I n  a  f u r t h e r  e x a m p l e ,  S t a h k o  a n d  S l a v i n 1 3 6  u s e d  e l e c t r o l y s i s  
t o  i n c o r p o r a t e  1 3 S i  a n d  l s 1 i  i n t o  s o m e  p o l y i o d o p h e n o l s ,  s u c h  a s  
R o s e  B e n g a l  d y e ,  v ia  a n  i s o t o p i c  e x c h a n g e  p r o c e s s .  E l e c t r o l y s i s  o f  
a q u e o u s  s o d iu m  i o d i d e ,  i n  t h e  p r e s e n c e  o f  r a d i o i o d i d e  a n d  t h e
s u b s t r a t e ,  l e d  t o  h i g h  i n c o r p o r a t i o n s  o f  r a d i o i o d i n e .  R a d i o c h e m i c a l  
y i e l d s  e x c e e d i n g  9 0 %  were q u o t e d .
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1 . 4 . 2  I n d i r e c t  R a d i o l a b e l l i n g  -  P r o s t h e t i c  G r o u p s
( i )  B o l t o n  a n d  H u n t e r  R e a g e n t
T h e  m o s t  w i d e l y  u s e d  i n d i r e c t  m e t h o d  o f  p r o t e i n  l a b e l l i n g  
i s  t h a t  i n t r o d u c e d  b y  B o l t o n  a n d  H u n t e r  i n  1 9 7 3 . 1 3 7  T h e  t e c h n i q u e  
i n v o l v e s  t h e  c o n j u g a t i o n  o f  t h e  a c t i v e  e s t e r ,  ¥ - s u c c i n i m i d y l - 3 - < 4 -  
h y d r o x y - 5 - C 1 2 S I ] i o d o p h e n y l ) p r o p i o n a t e ,  w i t h  t h e  p r o t e i n ,  u s u a l l y  via  
t h e  f r e e  a m in o  g r o u p  o f  a  l y s i n e  r e s i d u e .  T h e  r e a g e n t  i t s e l f  i s  
l a b e l l e d  p r i o r  t o  c o n j u g a t i o n  u s i n g  t h e  c h l o r a m i n e - T  m e t h o d .  T h e  
o v e r a l l  p r o c e s s  i s  i l l u s t r a t e d  i n  F i g .  1 . 2  :
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o
Fig. 1.2 : Use of Bolton and Hunter Reagent
T h i s  t y p e  o f  i n d i r e c t  a p p r o a c h  i s  u s e d  w h e n  t h e  p r o t e i n  
i t s e l f  i s  n o t  s t a b l e  u n d e r  t h e  c o n d i t i o n s  Q f  o x i d a t i v e  i o d i n a t i o n ,  
o r  w h e n  u n l a b e l l e d  t y r o s i n e  r e s i d u e s  a r e  e s s e n t i a l  f o r  t h e
p r o t e i n ’ s  b i o l o g i c a l  a c t i v i t y .  I t  i s  a l s o  u s e d  f o r  t h e  l a b e l l i n g  
o f  s m a l l e r  m o l e c u l e s  w h i c h  d o  n o t  c o n t a i n  s u i t a b l y  r e a c t i v e  
m o i e t i e s  f o r  d i r e c t  i o d i n a t i o n .
C o n j u g a t i o n  o f  t h e  B o l t o n  a n d  H u n t e r  r e a g e n t  i s  g e n e r a l l y
p e r f o r m e d  i n  b u f f e r e d  s o l u t i o n  a t  a r o u n d  p H  8 . 5 .  T h e  t e m p e r a t u r e  i s  
k e p t  l o w  t o  r e d u c e  t h e  r a t e  o f  h y d r o l y s i s  o f  t h e  r e a g e n t  t o  t h e
c o r r e s p o n d i n g  p r o p i o n i c  a c i d  d e r i v a t i v e .  C o n c u r r e n t  h y d r o l y s i s  o f  t h e
r e a g e n t  l i m i t s  t h e  e f f i c i e n c y  o f  t h e  c o n j u g a t i o n  r e a c t i o n ,  b u t  t h i s  
c a n  b e  o f f s e t  b y  u s i n g  a n  e x c e s s .  F o r  h i g h e r  s p e c i f i c  a c t i v i t i e s ,
t h e  3 , 5 - d i - i o d o  d e r i v a t i v e  c a n  b e  u s e d .
( i i )  O t h e r  P r o s t h e t i c  G r o u p s
N u m e r o u s  o t h e r  p r o s t h e t i c  g r o u p s  h a v e  b e e n  d e s c r i b e d  i n  t h e
l i t e r a t u r e .  T h e  r e a g e n t ,  m e t h y l  4 ~ h y d r o x y b e n z i m i d a t e  h y d r o c h l o r i d e  ( 1 4 ) ,  
d e v e l o p e d  b y  V o o d  e t  a i . i e s , h a s  a l s o  b e e n  u s e d  f o r  l a b e l l i n g
p r o t e i n s .  I t  i s  u s e d  i n  t h e  s a m e  m a n n e r  a s  t h e  B o l t o n  a n d  H u n t e r  
r e a g e n t ,  b u t  d i f f e r s  s l i g h t l y  i n  t h a t  i t  p r e s e r v e s  a  p o s i t i v e  
c h a r g e  n e a r  t h e  p o i n t  o f  c o n j u g a t i o n .
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C 0 2M e
H2N— CH2CH OH H2N-—CHCH OH
( 1 6 ) ( 1 7 )
P r o s t h e t i c  g r o u p s  h a v e  a l s o  b e e n  u s e d  i n  t h e  l a b e l l i n g
o f  m a n y  s m a l l e r  m o l e c u l e s ,  p r i m a r i l y  f o r  t h e  p r o d u c t i o n  o f  i 2 s i -
l a b e l l e d  a n t i g e n s  f o r  R I A . 1 T h e  c o m m o n  f e a t u r e s  a r e  a n  a c t i v a t e d  
a r o m a t i c  m o i e t y  w h i c h  c a n  b e  r e a d i l y  i o d i n a t e d ,  a n d  s o m e  s o r t  o f  
b r i d g i n g  u n i t  f a r  a t t a c h m e n t  t o  t h e  s u b s t r a t e .  T h e  g r o u p s  m o s t
c o m m o n ly  u s e d  a r e  h i s t a m i n e  ( 1 5 ) ,  t y r a n i i n e  ( 1 6 )  a n d  t y r o s i n e  m e t h y l
e s t e r  ( 1 7 ) ,  w h ic h  a r e  g e n e r a l l y  a t t a c h e d  v i a  ( c a r b o x y m e t h y l ) o x im e  o r  
h e m i s u c c i n a t e  b r i d g e s .  S u b s t r a t e s  a r e  f i r s t  d e r i v a t i s e d  w i t h  ( c a r b o x y -  
m e t h y l ) h y d r o x y l a m i n e  o r  s u c c i n i c  a n h y d r i d e  s o  t h a t  f r e e  c a r b o x y l
g r o u p s  a r e  a v a i l a b l e .  T h e s e  a r e  t h e n  u s e d  t o  c o u p l e  t h e  a c t i v a t e d  
a r o m a t i c  u n i t s  v i a  a m id e  l i n k a g e s .  I n  w o r k  w i t h  s m a l l e r  m o l e c u l e s ,  
r a d i o i o d i n a t i o n  i s  D f t e n  c a r r i e d  o u t  a f t e r  t h e  c o n j u g a t i o n  s t e p .
t o  t h e  c h l o r a m i n e - T  m e t h o d .  F o r  e x a m p l e ,  M a s s a g l i a  e t a l . 1 3 3  e m p lo y e d  
e l e c t r o l y t i c  o x i d a t i o n  f o r  t h e  1 2 S I - l a b o l l i n g  o f  t y r o s i n e  m o i e t i e s .  
T y r o s i n e  m e t h y l  e s t e r  w a s  i o d i n a t e d  i n  y i e l d s  o f  6 0  -  8 0 %  a n d  
t h e n  c o u p l e d  t o  v a r i o u s  s t e r o i d  d e r i v a t i v e s  f o r  u s e  i n  R I A .
H e i n d a l  a n d  V a n  D o r t 1 3 0  u s e d  a  S a n d m e y e r / W a l l a c h  a p p r o a c h  ( s e e  p .  3 1 )  
t o  p r e p a r e  [ 1 2 S I ) - 3 - i o d o b e n z o y l  h y d r a z i d e .  T h i s  w a s  t h e n  d i r e c t l y  
c o u p l e d  t o  t h e  a n t i t u m o u r  a n t i b i o t i c ,  d o x o r u b i c i n .
T h e  i o d i n a t i o n  o f  s u c h  p r o s t h e t i c  g r o u p s  i s  n o t  r e s t r i c t e d
R e c e n t  p u b l i c a t i o n s  o n  i n d i r e c t  r a d i o l a b e l l i n g  h a v e  s h o w n  a  
t r e n d  t o w a r d s  d e v e l o p i n g  m o r e  s t a b l e  p r o s t h e t i c  g r o u p s  f o r  in  v ivo  
a p p l i c a t i o n s .  O r t h o - i o d i n a t e d  t y r o s i n e  m o i e t i e s  a r e  q u i t e  s u s c e p t i b l e  
t o  in  v ivo  d e i o d i n a t i o n ,  l e a d i n g  t o  d e c r e a s e d  l o c a l i s a t i o n  o f  t h e  
i s o t o p e  a n d  e n h a n c e d  t h y r o i d  u p t a k e .  T h i s  i s  e s p e c i a l l y  u n d e s i r a b l e  
I n  c a n c e r  t h e r a p y  w i t h  1 3 1 I - l a b e l l e d  m o n o c l o n a l  a n t i b o d i e s  ( M A b s ) ,  
w h e r e  t h e  a i m  i s  t o  c o n c e n t r a t e  t h e  i s o t o p e  i n  t u m o u r s .  T o  t h i s  
e n d ,  v a r i o u s  r e s e a r c h e r s  h a v e  d e v e l o p e d  c o n j u g a t i n g  a g e n t s  i n  w h i c h  
r a d i o i a d i n e  i s  b o u n d  t o  n a n - a c t i v a t e d  a r o m a t i c  r i n g s .  ¥ i l b u r  e t 
a l . 1 3 1  u s e d  H - s u c c i n i r a i d y l - 4 - i o d o b e n z o a t e ,  w h i l e  Z a l u t s k y  e t  a l . 1 3 2 - 1 3 4  
s t u d i e d  t h e  m e ta - i o d i n a t e d  a n a l o g u e .  M o r e  r e c e n t l y ,  G a r g  e t  a l . 1 3 S  
h a v e  r e p o r t e d  o n  t h e  u s e  o f  t h e  a n a l o g o u s  c o m p o u n d  c o n t a i n i n g  a  
p y r i d i n e  r i n g ,  ¥ - s u c c i n i m i d y l - 5 - i o d o - 3 - p y r i d i n e c a r b o x y l a t e ( 1 8 ) .  T h e  r a d i o  
- i o d i n a t i o n  o f  s u c h  d e a c t i v a t e d  p r o s t h e t i c  g r o u p s  h a s  b e e n  c a r r i e d  
o u t  v i a  i o d o d e s t a n n y l a t i o n  o f  t r i b u t y l t i n  d e r i v a t i s e d  p r e c u r s o r s ,  
w h i l e  c o n j u g a t i o n  i s  c a r r i e d  o u t  v ia  a m in o  g r o u p s  a s  i n  F i g .  1 . 2 .
O t h e r  a p p r o a c h e s  h a v e  b e e n  u s e d .  F o r  e x a m p l e ,  S r i v a s t a v a  e t  
a l . 1 3 e  d e v e l o p e d  N - ( p - i o d o p h e n y l ) m a l e i m i d e ,  w h i c h  w a s  c o u p l e d  t o  M A b s  
v i a  f r e e  s u l f h y d r y l  g r o u p s .  I n  t h i s  c a s e ,  r a d i o i o d i n e  w a s  i n t r o d u c e d  
v i a  a  m e r c u r i a t e d  i n t e r m e d i a t e .  R e c e n t l y ,  K u r t h  e t  a l . 1 3 7  h a v e  
r e p o r t e d  t h e  p r e p a r a t i o n  a n d  u s e  o f  [ 1 2 S I ] - H - ( 4 - i o d o p h e n y l e t h y l ) -  
<a m i n o o x y > a c e t a m i d e  ( 1 9 ) .  T h i s  w a s  c o u p l e d  t o  a  M b  v i a  a n  a l d e h y d e  
f u n c t i o n  p r o d u c e d  b y  p e r i o d a t e  o x i d a t i o n  o f  t h e  a n t i b o d y ’ s  s u g a r  
m o i e t y .  T h e  r e s u l t i n g  l a b e l l e d  M b  s h o w e d  s i g n i f i c a n t l y  h i g h e r  
t u m o u r  c o n c e n t r a t i o n  t h a n  t h e  c h l o r a m i n e - T  i o d i n a t e d  M A b , w h i l e  
t h y r o i d  u p t a k e  o f  r e l e a s e d  i o d i n e  w a s  u p  t o  2 5  t i m e s  l o w e r .
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( 1 8 ) ( 1 9 )
1 . 4 . 3  E x c h a n g e  L a b e l l i n g
A c o m m o n ly  u s e d  m e t h o d  f o r  t h e  i n c o r p o r a t i o n  o f  i s o t o p e s  
i n  g e n e r a l  i s  b y  e x c h a n g e .  M o l e c u l e s  h a v e  b e e n  l a b e l l e d  w i t h  
i o d i n e  i s o t o p e s  b y  b o t h  i o d i n e  f o r  i o d i n e  e x c h a n g e ,  a n d  b y  i o d i n e  
f o r  b r o m i n e  e x c h a n g e .  S u c h  r e a c t i o n s  h a v e  b e e n  p e r f o r m e d  u n d e r  a  
w i d e  v a r i e t y  o f  c h e m i c a l  a n d  p h y s i c a l  c o n d i t i o n s ,  s o m e  o f  w h ic h
a r e  o u t l i n e d  b e l o w .  (JT. J5. -  * 1  i s  u s e d  t o  d e n o t e  r a d i o i o d i n e )
( i )  E x c h a n g e  I n  S o l u t i o n
T h e  s i m p l e s t  m e t h o d  o f  t r a c e - l a b e l l i n g  m a n y  s m a l l  o r g a n i c  
m o l e c u l e s  i s  t o  i o d i n a t e  t h e m  w i t h  s t a b l e  1 - 7 I J a n d  t h e n  t o  c a r r y
o u t  e x c h a n g e  w i t h  r a d i o i o d i d e  b y  r e f l u x i n g  i n  a  s u i t a b l e  s o l v e n t .
O b v i o u s l y ,  o n l y  v e r y  l o w  s p e c i f i c  a c t i v i t i e s  c a n  b e  o b t a i n e d  i n  
t h i s  w a y ,  a n d  t h e  r a t e  o f  e x c h a n g e  i s  v e r y  m u c h  d e p e n d e n t  o n  t h e
n a t u r e  o f  t h e  s u b s t r a t e .  N e v e r t h e l e s s ,  s e v e r a l  r a d i o p h a r m a c e u t i c a l s  
h a v e  b e e n  p r e p a r e d  b y  t h i s  m e t h o d ,  a s  i n d i c a t e d  b y  S e e v e r s  a n d
C o u n s e l l 1 i n  t h e i r  r e v i e w  o f  r a d i o i o d i n a t i o n .
N u m e r o u s  e x c h a n g e  r e a c t i o n s  h a v e  b e e n  p e r f o r m e d  i n  m o l t e n
m e d i a .  S e e v e r s  a n d  C o u n s e l l 1 d i v i d e d  t h e s e  i n t o  t h r e e  c a t e g o r i e s ,  
n a m e l y  t h o s e  c o n d u c t e d  i n  a  m e l t  o f  t h e  n o n - r a d i o a c t i v e  s u b s t r a t e ,
e x c h a n g e  i n  m o l t e n  a c e t a m i d e ,  a n d  e x c h a n g e  i n  a  b l e n d  o f  s u b s t r a t e  
a n d  a m m o n iu m  s u l p h a t e .  T h e  f i r s t  o f  t h e s e  i s  t h e  m o s t  s t r a i g h t ­
f o r w a r d ;  l a b e l l e d  s o d i u m  i o d i d e  i s  s i m p l y  a d d e d  t o  t h e  l o d o a r o m a t i c
a b o v e  i t s  m e l t i n g  p o i n t .  T h e  m e t h o d  i s  r e s t r i c t e d  t o  c o m p o u n d s  o f  
h i g h  d i e l e c t r i c  c o n s t a n t  w h i c h  c a n  d i s s o l v e  s o d i u m  i o d i d e .  T h e
c o m p o u n d  a l s o  n e e d s  t o  b e  s t a b l e  a t  e l e v a t e d  t e m p e r a t u r e . 1
T h e  a c e t a m i d e  m a l t  t e c h n i q u e  w a s  i n t r o d u c e d  i n  1 9 7 6  b y  
E l i a s  a n d  L o t t e r h o s . 1 3 3  A c e t a m i d e  m e l t s  a t  8 2 ° C  a n d  p r o v i d e s  a  
c o n v e n i e n t  m e d iu m  f o r  t h e  e x c h a n g e  l a b e l l i n g  o f  c o m p o u n d s  o f  l o w  
d i e l e c t r i c  c o n s t a n t .  E l i a s  a n d  L o t t e r h o s 1 3 3  s h o w e d  t h a t  a l l  t h r e e  
i s o m e r i c  i o d o h e n z o i c  a c i d s  r e a d i l y  u n d e r w e n t  e x c h a n g e  w i t h  N a 1 3 1 I  
a t  1 4 0  -  1 8 0 - C .
T h e  a m m o n iu m  s u l p h a t e  m e t h o d ,  a s  d e s c r i b e d  b y  M a n g n e r  e t 
a l . 1 3 3  i n v o l v e s  t h e  h e a t i n g  o f  t h e  s u b s t r a t e  w i t h  a m m o n iu m  s u l p h a t e
a n d  r a d i o i o d i d e  a t  1 2 0  -  1 6 0 ’ C . T h i s  w a s  s h o w n  t o  b e  e f f e c t i v e  f o r  
t h e  l a b e l l i n g  o f  m a n y  a r o m a t i c  c o m p o u n d s ,  i n c l u d i n g  t h e  i a d o b e n z o i c
a c i d s  a n d  s e v e r a l  i o d o b e n z y l g u a n i d i n e s .  T h e  s u c c e s s  o f  t h e  m e t h o d  
i s  b e l i e v e d  t o  b e  r e l a t e d  t o  t h e  a c i d i t y  o f  t h e  m e d iu m , w h i c h
i n c r e a s e s  a t  h i g h  t e m p e r a t u r e  a s  a m m o n ia  i s  d r i v e n  o f f .  R e c e n t l y ,  
E l - S h a b o u r y  a n d  F a r a h 2 0 0  d e s c r i b e d  t h e  e f f i c i e n t  r a d i o i o d i n a t i o n  o f  
4 - i o d o a n t i p y r i n e  i n  m e l t s  c o n t a i n i n g  a m m o n iu m  h y d r o g e n  o r t h o p h o s p h a t e ,
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(ii) Exchange In Melt
O t h e r  m e d i a  f o r  e x c h a n g e  i n  m e l t  h a v e  b e e n  d e s c r i b e d .  
C o u n s e l l  a n d  c o w o r k e r s 2 0 1  u s e d  p i v a l i c  a c i d  ( t r i m e t h y l a c e t i c  a c i d )
f o r  t h e  1 2 S I - l a b e l l i n g  o f  a  w i d e  r a n g e  o f  r a d i o p h a r m a c e u t i c a l s .  
R e a c t i o n s  w e r e  c a r r i e d  o u t  a t  1 5 5 ° C ,  t y p i c a l l y  f o r  1 - 2  h o u r s .  
S u b s t r a t e  d e c o m p o s i t i o n  w a s  n e g l i g i b l e  a n d  r a d i o c h e m i c a l  y i e l d s  o f  
5 5  -  9 9 %  w e r e  o b t a i n e d .
( i i i )  E x c h a n g e  F o r  B r o m i n e
T h e r e  h a v e  b e e n  s e v e r a l  r e p o r t s  o f  r a d i o i o d i n a t i o n  b y
s u b s t i t u t i o n  o f  b r o m i n e . 7 T h e  m a j o r i t y  o f  t h e s e  s e e m  t o  i n v o l v e
a l i p h a t i c  c o m p o u n d s ,  b u t  s o m e  a r o m a t i c  c o m p o u n d s  h a v e  b e e n  l a b e l l e d
i n  t h i s  w a y .  I n  t h e i r  p u b l i c a t i o n  o n  e x c h a n g e  i n  m o l t e n  a c e t a m i d e ,  
E l i a s  a n d  L o t t e r h o s 1 3 3  r e p o r t e d  a  9 2 %  y i e l d  f o r  t h e  1 3 ,1 i  f o r  B r
e x c h a n g e  o f  3 - b r o m o b e n z o i c  a c i d .  A n  a d v a n t a g e  o f  e x c h a n g e  f o r  B r  
o v e r  * 1  f o r  1 2 7 I  r e p l a c e m e n t  i s  t h a t  c h r o m a t o g r a p h i c  s e p a r a t i o n  o f
h i g h  s p e c i f i c  a c t i v i t y  i o d i n a t e d  p r o d u c t  f r o m  b r o m i n a t e d  p r e c u r s o r
m a y  b e  p a s s i b l e .
( i v )  C o p p e r  I a n  P r o m o t e d  E x c h a n g e
I t  h a s  l o n g  b e e n  k n o w n  t h a t  c o p p e r  ( I )  i o n s  c a n  a s s i s t
n u c l e o p h i l i c  a n d / o r  h o m o l y t i c  s u b s t i t u t i o n  p r o c e s s e s  i n v o l v i n g  t h e  
h a l o g e n s .  S t a n k o  e t  a l . 2 0 2 * 2 0 3  h a v e  s h o w n  t h a t  c o p p e r  i o n s  g r e a t l y
a c c e l e r a t e  i o d i n e  e x c h a n g e  i n  c o m p o u n d s  s u c h  a s  o - i o d o b e n z o i c  a c i d  
a n d  o - i o d o h i p p u r i c  a c i d ,  b o t h  i n  D H S O  a n d  i n  a q u e o u s  s o l u t i o n s .  T h e
a d d i t i o n  o f  C u ( I ) C l  t o  a q u e o u s  s o l u t i o n s  o f  s u b s t r a t e  a n d  N a * I
r e s u l t e d  i n  a  r e d u c t 4 o n  o f  r e a c t i o n  t i m e s  f r o m  2 - 3  h o u r s  t o  
5  -  1 0  m i n u t e s  f o r  8 0  -  9 0 %  i s o t o p i c  e x c h a n g e .
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I n  1 9 9 0 ,  I f o e r l e i n 2 0 4  r e p o r t e d  o n  a  d e t a i l e d  s t u d y  o f  c o p p e r  
i o n  a s s i s t e d  i o d o d e b r o m n a t i o n .  E x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  
n . c . a .  l a 1 3 1 1 a n d  a  s e r i e s  o f  1 1  s i n p l e  p a r a - s u b s t i t u t e d  b r o m o -  
a r o m a t i c s .  I o d i n e  f o r  b r o m i n e  e x c h a n g e  w a s  p e r f o r m e d  i n  DM SO a t  
1 4 0 * C ,  i n  t h e  p r e s e n c e  o f  c o p p e r  ( I )  c h l o r i d e .  E a c h  r e a c t i o n  w a s  
a l l o w e d  t o  p r o c e e d  f o r  a  f i x e d  p e r i o d  o f  3 0  m i n u t e s ,  b e f o r e  t h e  
m i x t u r e  w a s  a n a l y s e d  t o  a s s e s s  t h e  e x t e n t  o f  i o d i n a t i o n .  H i g h
r a d i o c h e m i c a l  y i e l d s  w e r e  o b t a i n e d  f o r  a l l  t h e  s u b s t r a t e s ,  
i r r e s p e c t i v e  o f  t h e  d e g r e e  o f  e l e c t r o n i c  a c t i v a t i o n ,  a n d  t h e  
p r o c e s s  w a s  c o m p l e t e l y  r e g i o s p e c i f i c  i n  a l l  c a s e s .  T h e  h i g h e s t
y i e l d s  w e r e  o b t a i n e d  f r o m  s u b s t r a t e s  b e a r i n g  s t r o n g l y  e l e c t r o n -  
d o n a t i n g  o r  s t r o n g l y  e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t s ,  s u g g e s t i n g  
t h e  p r o c e s s  w a s  a  h o m o l y t i c  r a t h e r  t h a n  a  n u c l e o p h i l i c  o n e .  A
s i g n i f i c a n t  o b s e r v a t i o n ,  w i t h  r e g a r d  t o  r a p i d  n . c . a .  r a d i o i o d i n a t i o n  
w a s  t h a t  r a d i o c h e m i c a l  y i e l d s  w e r e  u n a f f e c t e d  b y  u p  t o  2 5 %  w a t e r  
i n  t h e  r e a c t i o n  m i x t u r e s .
I n  r e c e n t  y e a r s  t h e r e  h a v e  b e e n  n u m e r o u s  r e p o r t s  o n  t h e
u s e  o f  c o p p e r ( I )  a s s i s t e d  i o d i n e  e x c h a n g e  o r  i o d o d e b r o m i n a t i o n  i n  
t h e  l a b e l l i n g  o f  r a d i o p h a r m a c e u t i c a l s .  C u d )  i s  g e n e r a l l y  p r o d u c e d  
in  e itu  f r o m  C u < I I )  a n d  a  r e d u c i n g  a g e n t .  S o m e  p r e p a r a t i o n s  h a v e  
b e e n  f o r m u l a t e d  i n  k i t  f o r m ,  a n  e x a m p l e  b e i n g  a  k i t  f o r  t h e  
g e n e r a t i o n  o f  1 3 1 1 - m e i a - i o d o b e n z y l g u a n i d i n e  < m IB G ) . 2 0 5
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T h e r e  h a v e  b e e n  s e v e r a l  r e p o r t s  o f  s u c c e s s f u l  r a d i o ! o d i n e  
l a b e l l i n g  u s i n g  " r e c o i l "  o r  " h o t - a t o m "  t e c h n i q u e s .  T h i s  i n v o l v e s  t h e
p r o d u c t i o n  o f  h i g h l y  p o s i t i v e  i o d i n e  s p e c i e s  ( r e c o i l  a t o m s )  f r o m  t h e  
e l e c t r o n  c a p t u r e  d e c a y  ( a n d  e n s u i n g  A u g e r  e l e c t r o n  l o s s )  o f  x e n o n  
i s o t o p e s .  B o t h  i o d i n e - 1 2 3  a n d  i o d i n e - 1 2 5  c a n  b e  o b t a i n e d  f r o m  t h e  
c o r r e s p o n d i n g  i s o t o p e s  o f  x e n o n .
E a r l y  w o r k  w i t h  1 2 3 X e  h a s  b e e n  r e v i e w e d  b y  S t o c k l i n . 2  
D e t a i l s  w e r e  g i v e n  o f  s e v e r a l  i n s t a n c e s  w h e r e  b i o m o l e c u l e s  w e r e  
l a b e l l e d  w i t h  12 3 I ,  s i m p l y  b y  e x p o s u r e  t o  1:S3X e .  S u c h  d i r e c t  d e c a y  
- i n d u c e d  l a b e l l i n g  i s  i n h e r e n t l y  n o n - r e g i o s p e c i f i c  a n d  t h e  d e c a y -
i n d u c e d  f o r m a t i o n  o f  i o d i n a t i n g  r e a g e n t s  i s  p e r h a p s  m o r e  u s e f u l .
O n e  e x a m p l e  o f  t h i s  h a s  a l r e a d y  b e e n  d e s c r i b e d ,  n a m e l y  t h e  i n
s i t u  g e n e r a t i o n  o f  1 2 3 I - I C 1  b y  L a m b r e c h t  e t a l . S 7  ( s e e  p . 4 3 ) .
E l - G a r h y  a n d  S t o c k l i n 4 3  d e s c r i b e d  a n  a l t e r n a t i v e  m e t h o d  
i n  w h i c h  K IO s  w a s  e x p o s e d  t o  l s 3 X e ,  t h e n  u s e d  t o  i o d i n a t e  
a r o m a t i c  s y s t e m s  s u c h  a s  t y r o s i n e  r e s i d u e s  i n  a c i d i c  s o l u t i o n .
L a b e l l i n g  p a t t e r n s  w e r e  c o n s i s t e n t  w i t h  w h o l l y  e l e c t r o p h i l i c  
s u b s t i t u t i o n ,  i n  c o n t r a s t  t o  t h e  m o r e  g e n e r a l  l a b e l l i n g  o b t a i n e d
b y  e x p o s i n g  a r o m a t i c s  t o  1 2 3 X e .
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1.4.4 Decay Induced Labelling ("Recoil" or "Excitation" Labelling)
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C H A P T E R  T W O
S o m e  S t u d i e s  o f  R e t a l i a t i o n  -  I o d o d e n e t a l l a t i o n  
I n v o l v i n g  T h a l l i u m  a n d  M e r c u r y
R e a c t i o n s
2 . 1  T h a l l i a t i o n  -  l o d o d e t h a l l i a t i o n
T h e  n e t a l  t h a l l i u m  h a s  t h e  s o m e w h a t  u n u s u a l  p r o p e r t y  o f
r e a d i l y  f a r m i n g  b o n d s  t o  c a r b o n ,  w i t h o u t  a  n e e d  f o r  t h e  s t r i n g e n t  
c o n d i t i o n s  n o r m a l l y  a s s o c i a t e d  w i t h  o r g a n o m e t a l l i c  c h e m i s t r y .  U n d e r  
f a v o u r a b l e  c o n d i t i o n s ,  d i r e c t  t h a l l i a t i o n  o f  a r o m a t i c  c o m p o u n d s  c a n  
b e  b r o u g h t  a b o u t  r e s u l t i n g  i n  s t a b l e  o r g a n o t h a l l i u m  d e r i v a t i v e s .
E x p o s u r e  o f  s u c h  c o m p o u n d s  t o  i o d i n e  o r  i o d i d e  i o n  r e s u l t s  i n
r a p i d  c l e a v a g e  o f  t h e  c a r b o n - m e t a l  b o n d ,  t h u s  p r o v i d i n g  a  r o u t e  t o  
t h e  c o r r e s p o n d i n g  i o d o a r e n e s .
2 . 1 . 1  A r o m a t i c  T h a l l i a t i o n
T h e  d i r e c t  r e p l a c e m e n t  o f  h y d r o g e n  i n  a r o m a t i c  c o m p o u n d s
b y  t h a l l i u m  ( I I I )  w a s  f i r s t  r e p o r t e d  i n  1 9 4 3  b y  G i l m a n  a n d  
A b b o t t 1 . T h e y  o b t a i n e d  a  I d w  y i e l d  o f  d i ( 4 - d i b e n z o f u r y l ) t h a l l i u m  
c h l o r i d e  f r o m  t h e  r e a c t i o n  o f  d i b e n z o f u r a n  w i t h  t h a l l i u m  ( I I I )
c h l o r i d e  a t  e l e v a t e d  t e m p e r a t u r e .  S o m e w h a t  l a t e r ,  G l u s h k o v a  a n d  
K o c h e s h k o v '2  * 3  r e p o r t e d  t h e  t h a l l i a t i o n  o f  b e n z e n e  a n d  e l e c t r o n - r i c h  
a r e n e s  u s i n g  t h a l l i u m  ( I I I )  t r i i s D b u t y r a t e .  F r o m  t h e  e f f e c t s  o f  
a r o m a t i c  s t r u c t u r e  o n  r a t e  a n d  p r o d u c t  d i s t r i b u t i o n ,  t h e  r e a c t i o n  
w a s  f o u n d  t o  b e  e l e c t r o p h i l i c  i n  n a t u r e .
B y  f a r  t h e  m o s t  c o m p r e h e n s i v e  s t u d y  o f  t h e  t h a l l i a t i o n  
o f  a r o m a t i c  c o m p o u n d s  h a s  b e e n  t h a t  o f  T a y l o r ,  M c K i l l o p  a n d  c o -  
w o r k e r s .  T h e y  m a d e  t h e  c r u c i a l  b r e a k t h r o u g h  o f  f i n d i n g  a  p o w e r f u l
y e t  r e l a t i v e l y  s t a b l e  t h a l l i a t i n g  r e a g e n t ,  n a m e l y  t h a l l i u m  ( I I I )  t r i ­
f l u o r o a c e t a t e  ( T T F A ) . 4 * 5  T h i s  c o u l d  b e  p r e p a r e d  a n d  u s e d  in  s i t u  
b y  h e a t i n g  a  s u s p e n s i o n  o f  t h a l l i u m  ( I I I )  o x i d e  i n  t r i f l u o r o a c e t i c  
a c i d  ( T F A ) .  U s i n g  t h i s  r e a g e n t ,  r a p i d  a n d  c o n v e n i e n t  t h a l l i a t i o n  o f
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a  l a r g e  n u m b e r  o f  a r o m a t i c s  w a s  a c h i e v e d ,  y i e l d i n g  a r y l t h a l l i u m  
( I I I )  b i s O t r i f l u o r o a c e t a t e s ) , 6  E . g . ,  w i t h  t o l u e n e  : -
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Me Me
O J  * Tl(OCOCF3)3 — ► [ ( / ) ]  ♦ CF3COOH 2.1
t i (o c o c f 3).
K i n e t i c  a n d  m e c h a n i s t i c  s t u d i e s  ( s e e  S e c t i o n  2 . 3 )  h a v e  
i n d i c a t e d  t h e  a c t i v e  e l e c t r o p h i l e  t o  b e  T I ( O C Q C F s ) ^ ,  f o r m e d  b y  t h e  
l o s s  o f  o n e  t r i f l u o r o a c e t a t e  l i g a n d  f r o m  T T F A .
T h e  r e a c t i o n  w i t h  s u b s t r a t e s  s u c h  a s  t o l u e n e  w a s  f o u n d  t o  
b e  v e r y  s t r a i g h t f o r w a r d .  T h a l l i a t i o n  o c c u r r e d  a l m o s t  e x c l u s i v e l y  a t  
t h e  p a r a - p o s i t i o n  r e s u l t i n g  i n  p - t o l y l t h a l l i u m  b i s ( t r i f l u o r o a c e t a t e ) . 
S i m i l a r l y ,  t h e  t h a l l i a t i o n  o f  o t h e r  m o n o - s u b s t i t u t e d  a r e n e s  ( a n i s o l e ,  
h a l o b e n z e n e s ,  e t c . )  w a s  f o u n d  t o  p r o c e e d  w i t h  h i g h  p a r a - s e l e c t i v i t y .
F o r  c o m p o u n d s  b e a r i n g  s u b s t i t u e n t s  s u c h  a s  -C O O H , -C O O R ,
- C H 2 O H , e t c ,  o r t h o - t h a l l i a t i o n  w a s  o b s e r v e d .  F o r  e x a m p l e ,  t h e  r e a c t i o n  
o f  m e t h y l  b e n z o a t e  w i t h  T T F A  i n  T F A  g a v e  9 5 %  o f  t h e  o rth o -  
t h a l l i a t e d  p r o d u c t . 6  T h i s  w a s  e x p l a i n e d  i n  t e r m s  o f  a n  i n t e r m e d i a t e  
s u b s t r a t e - e l e c t r o p h i l e  c o m p l e x ,  r e s u l t i n g  i n  c h e l a t e  c o n t r o l l e d  o r t h o -
d e l i v e r y  o f  t h e  t h a l l i u m .
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F i g .  2 . 1  : C h e l a t e  c o n t r o l l e d  o rth o - t h a l l i a t i o n  o f  m e t h y l  b e n z o a t e
O r t h o - t h a l l i a t l o n  o f  t h e  k i n d  d e s c r i b e d  a b o v e  o c c u r s  w i t h  
h i g h  s p e c i f i c i t y  o n l y  w h e n  t h e  s u b s t i t u e n t s  a r e  d i r e c t l y  b o u n d  t o
t h e  a r o m a t i c  r i n g ,  o r  a r e  c o n n e c t e d  v i a  a  s i n g l e  m e t h y l e n e  u n i t .  
T h i s  i l l u s t r a t e s  a  r e q u i r e m e n t  f o r  5 -  o r  6 - m e m b e r e d  c h e l a t e  r i n g s
i n  t h e  s u b s t r a t e - e l e c t r o p h i l e  c o m p l e x .  W h e n  t h e  c h e l a t i n g  g r o u p  i s  
s e p a r a t e d  f r o m  t h e  a r o m a t i c  r i n g  b y  t w o  m e t h y l e n e  u n i t s ,  a s  i n
3 - p h e n y l p r o p a n o i c  a c i d ,  o n l y  l i m i t e d  c h e l a t i o n  c a n  o c c u r  a n d  a  
m i x t u r e  o f  i s o m e r s  i s  p r o d u c e d .  A  f u r t h e r  i n c r e a s e  i n  c h a i n  l e n g t h
e l i m i n a t e s  o r t h o - t h a l l i a t i o n  v i a  c h e l a t i o n ,  s o  t h a t  t h e  p r o d u c t
i s o m e r  d i s t r i b u t i o n  f r o m  r e a c t i o n  w i t h  5 - p h e n y l p e n t a n o i c  a c i d  i s
s i m i l a r  t o  t h a t  w i t h  a l k y l b e n z e n e s . 5
T h e  r e g i o s p e c i f i c i t y  o f  t h a l l i a t i o n  c a n  a l s o  b e  a f f e c t e d  
b y  t e m p e r a t u r e .  A l k y l b e n z e n e s  w h i c h  a r e  t h a l l i a t e d  e x c l u s i v e l y  a t  
t h e  p a r a - p o s i t i o n  a t  r o o m  t e m p e r a t u r e  m a y  b e  t h a l l i a t e d  a t  t h e  
m e t a - p o s i t i o n  b y  p e r f o r m i n g  t h e  r e a c t i o n  a t  7 3 * C ,  t h e  t e m p e r a t u r e
o f  r e f l u x i n g  T F A . T h e  t h e r m o d y n a m i c  p r o d u c t  a c c u m u l a t e s  a t  t h e  
e x p e n s e  D f  t h e  k i n e t i c  p r o d u c t  s i n c e  t h a l l i a t i o n  i s  r e v e r s i b l e .  
T a y l o r  e t  a l . e  o b t a i n e d  a  1 7 - f o l d  i n c r e a s e  i n  t h e  a m o u n t  o f
m - io d o c u m e n e  f o r m e d  a t  7 3  ' C  c o m p a r e d  t o  t h a t  f o r m e d  a t  2 5  * C .
Another a s p e c t  o f  a r y l th a l l iu m  compounds i s  t h e i r  ten d en cy  
t o  undergo d is p r o p o r t io n a t io n  t o  produce d ia r y l t h a l l iu m  ( I I I )  s p e c ie s :
2 A rT IX 2 Ar2T IX  + T IX 3 2.2
T h is b eh a v io u r  was d is c u s s e d  by Henry7 , and by M cK illop  e t  a l . s
A r e la t e d  p ro p erty  i s  th e  a b i l i t y  o f  th a l l iu m  s u b s t i t u e n t s  t o
m ig ra te . Such t r a n s t h a l l i a t i o n  p r o c e s s e s  ( 2 .3 ,  2 .4 )  have been  s tu d ie d  
in  d e t a i l  by Kooyman e t  a l A
ArTIX2 * A /H  ----- ► A r'T IX 2 + ArH 2.3
A rTIX 2 + A r 'H  ► ArAr'TlX + HX 2.4
S in c e  t h e s e  r e a c t io n s  a r e  g e n e r a l ly  q u ite  s lo w , th e y  a re  
u n l ik e ly  t o  be o f  g r e a t  s i g n i f i c a n c e  in  s im p le  p r e p a r a t iv e  work
and a re  th u s  deemed t o  be beyond th e  sco p e  o f  t h i s  re v ie w .
As s t a t e d  p r e v io u s ly ,  a w ide ran ge o f  a r o m a tic s  can  be 
t h a l l i a t e d  u s in g  TTFA in  TFA. There a re  however l i m i t a t i o n s ,  most
s i g n i f i c a n t l y  w ith  more r e a c t iv e  compounds. The r e a g e n t h a s  p ow erfu l 
o x id i s in g  c a p a c ity  and w ith  e l e c t r o n - r ic h  a r e n e s , t h i s  le a d s  t o  
s id e  r e a c t io n s  th rou gh  th e  g e n e r a t io n  o f  r a d ic a l  c a t io n s .
In th e  c a s e  o f  a ro m a tic  am in es, p h e n o ls , m ethoxy compounds,
n a p h th a len es , e t c ,  tr e a tm e n t w ith  TTFA in  TFA r e s u l t s  in  o x id a t iv e
c o u p lin g  t o  form  sy m m etr ica l b ia r y l s .  However, T aylor e t  a l . ' °  have  
d em on strated  t h a t  com p etin g  r a d ic a l  p r o c e s s e s  o f  t h i s  k in d  may be
su p p re sse d  by c a r r y in g  ou t th e  t h a l l i a t i o n s  in  TFA d i lu t e d  w ith
d ie t h y l  e th e r .  U sin g  50 : 50  TFA -  d ie t h y l  e th e r  a s  th e  s o lv e n t ,
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th e  c le a n  t h a l l i a t i o n  o f  a s e r i e s  o f  a n i s o l e s ,  d im eth oxyb en zen es  
and n a p h th a len es  was a c h ie v e d . A n il in e  i s  r e a d i ly  o x id is e d  t o  form  
d ia zo b en zen e  under th e  c o n d it io n s  o f  t h a l l i a t i o n .  N e v e r th e le s s ,  Braun 
e t  a l. 1 1 were a b le  t o  o b ta in  p - io d o a n i l in e  v ia  t h a l l i a t i o n  in  9 2 -  
94% y i e l d .  O x id a tio n  p ro d u c ts  were a v o id e d  by r e s t r i c t i n g  r e a c t io n  
t i n e s  t o  2 - 1 0  m in u tes . An atm osphere o f  dry argon was u sed  fo r  
t h i s  work.
At th e  o th e r  end o f  th e  r e a c t i v i t y  s c a l e ,  Deacon and 
T u n aley12 have shown th a l l iu m  ( I I I )  t r if lu o r o m e th a n e s u lfo n a te  t o  be  
a more p ow erfu l t h a l l i a t i n g  a g e n t. T h is  was p rep ared  in  s i tu  by 
ad d in g  t r i f  lu o r o m eth a n esu lf  o n ic  a c id  t o  a s o lu t io n  o f  TTFA in  TFA. 
U sin g  t h i s  r e a g e n t, t h a l l i a t i o n  o f  some p o ly f lu o r o a r e n e s  ( 2 , 3 ,5 , 6 -
t e t r a f lu o r a a n i s o le ,  2 , 3 , 5 , 6 - t e t r a f lu o r o t o lu e n e ,  1 , 2 , 3 , 5 - t e tr a f lu o r o b e n z e n e  
and p e n ta flu o ro b en zen e ) was a c h ie v e d .
2 .1 .2  I o d o d e t h a l l ia t io n  and A p p lic a t io n s
The tr ea tm e n t o f  a r y l t h a l l iu m  b i s ( t r i f l u o r o a c e t a t e s )  w ith  
aqueous p o ta ssiu m  io d id e  was shown t o  be a v ery  f a c i l e  s y n t h e t ic  
method fo r  th e  p r o d u c tio n  o f  io d o a r e n e s , th e  i o d o d e t h a l l ia t io n  
r e a c t io n  b e in g  e f f e c t i v e l y  in s t a n t a n e o u s .5 -6
D e sp ite  th e  ap p aren t s i m p l i c i t y  o f  th e  p r o c e s s ,  i t  i s  n o t
w e ll  d e f in e d  in  terras o f  m echanism . D e t h a l l i a t io n  o f  a r y l th a l l iu m  
compounds would appear t o  be a  unique p ro p er ty  o f  io d id e  io n s .
Vhen an a r y l th a l l iu m  b i s ( t r i f l u o r o a c e t a t e )  i s  t r e a te d  w ith  aq ueous  
c h lo r id e  io n s ,  d e t h a l l i a t io n  d o es  n o t o cc u r . In s te a d , t r i f lu o r o a c e t a t e  
i s  m erely  d is p la c e d  by c h lo r id e  t o  y i e l d  th e  co rresp o n d in g  a r y l ­
th a l l iu m  d ic h lo r id e .  The s i t u a t i o n  w ith  brom ide i s  l e s s  c l e a r - c u t .
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Treatm ent o f  an a r y l t h a l l iu m  b is ( t r i f l u o r o a c e t a t e )  w ith  aqueous KBr 
a t  0 -  5°C r e s u l t s  in  l ig a n d  exchan ge t o  form  th e  a r y l th a l l iu m  
d ib rom ide, but th e s e  a r e  v e r y  u n s ta b le  and decom pose t o  g iv e  a r y l  
brom ides on s to r a g e  or w ith  h e a t in g .3 By a n a lo g y , i t  was p rop osed  
th a t  i o d o d e t h a l l ia t io n  m ight p roceed  v ia  a r y l th a l l iu m  d i - i o d i d e s  
(e q u a tio n  2 .5 )  a lth o u g h  no su ch  in t e r m e d ia te s  co u ld  be i s o l a t e d  o r  
in t e r c e p te d .
ArTl(0C0CF3)2 + 2 KI -►  [ArTI l]] —► Arl * Tl I ♦ 2CF3COOK 2.5
An a l t e r n a t iv e  m echanism  was p rop osed  by Ish ik aw a and  
S e k iy a 13 to  a ccou n t f o r  t h e i r  o b s e r v a t io n s  o f  d ir e c t  io d in a t io n  o f  
benzene u s in g  I2 /TTFA. A q u a n t i t a t iv e  y i e l d  was o b ta in e d  u s in g  o n ly  
0 .5  e q u iv a le n t s ,  s u g g e s t in g  o x id a t io n  o f  HI by T l ( I I I )  (e q u a tio n s  
2 .6  -  2 .8 )  : -
ArTl(OCOCF3) 2 + l2 — ► Arl * Tll(OCOCF3) 2 2.6
Tll(OCOCF3) 2 + CF3COOH —► T|(OCOCF3) 3 * HI 2.7
2 HI + Tl(OCOCF3) 3 — ► l2 + TIOCOCF3 + 2 CF3COOH 2.8
A p p lic a t io n  o f  io d o d e t h a l l i a t io n  t o  th e  p r o d u c tio n  o f  
io d in e  la b e l le d  r a d io p h a r m a c e u tic a ls  h as been d e s c r ib e d  by G i l l i l a n d  
e t  a l . 14 T h a l l ia t io n  o f  3 , 4 -b is< 4 -m eth o x y p h en y l)h ex a n e  and su b seq u en t  
d e t h a l l i a t io n  u s in g  Na131I and th en  n o n -r a d io a c t iv e  KI r e s u l t e d  in  
1311 - 3 ,4 - b i s ( 3 - io d o -4 -m e th o x y p h e n y l)hexan e. The p rod uct n eed ed  o n ly  
m inim al p u r i f i c a t io n  and was o b ta in e d  in  81% r a d io ch em ic a l y i e l d .  
R a d io io d in a tio n  o f  b e n z o ic  a c id  was c a r r ie d  o u t via  i s o l a t i o n  o f
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t l ie o r t h o - th a l11a te d  d e r iv a t iv e .  A p o r t io n  o f  t h i s ,  su spend ed  in  
w ater was t r e a te d  w ith  Ha13 1 I , a g a in  fo l lo w e d  by n o n -r a d io a c t iv e  Kl 
t o  com p lete  th e  r e a c t io n .  The 131I -o - io d o b e n z o ic  a c id  s o  produced  
was o f  h ig h  ra d io c h e m ic a l p u r i t y . 14
E xperim ents p erform ed  on a dopamine d e r iv a t iv e  w ere la r g e ly  
u n s u c c e s s fu l .  The e l e c t r o n - r i c h  sy s te m  c o u ld  n o t be t h a l l i a t e d  ow ing  
t o  o x id a t iv e  c o u p lin g . I t s  n it r o g e n  and c a t e c h o l i c  -OH grou p s w ere 
p r o te c te d  a s  t r i f lu o r o a c e t y l  d e r iv a t iv e s  and t h a l l i a t i o n  o f  th e  
t r i s ( t r i f l u o r o a c e t y l )  dopam ine m s  a ttem p ted . T h is  p roved  to  be v ery  
s lo w  and many im p u r it ie s  were p r o d u c e d .14
L ong-ch ain  f a t t y  a c id s  b e a r in g  te r m in a l phenyl g rou p s have  
been  w id e ly  s tu d ie d  a s  p o t e n t ia l  m y ocard ia l im agin g  a g e n ts  (S e c t io n  
1 .2 .3 ,  p . 1 2 ) . Such compounds a r e  w e ll  s u i t e d  t o  th e  c o n d it io n s  
u sed  in  t h a l l i a t i o n  and th e  h ig h  p a r a - s e l e c t i v i t y  o f f e r e d  by th e  
r e a c t io n  makes i t  an a t t r a c t i v e  method f o r  t h e i r  r a d io io d in a t io n .  
Goodman e t  a l . i s  u sed  th e  te c h n iq u e  t o  la b e l  some m eth y l-b ra n ch ed  
f a t t y  a c id s  w ith  ,2 5 I f o r  t i s s u e  d i s t r i b u t i o n  s t u d ie s .  K ulkarn i and 
P ark ey15- 17 p repared  123I -  and 12SX -jp -iod op h en y lp en tad ecan o ic  a c id  in  
th e  same manner.
In a su b seq u en t r e p o r t ,  K ulkarn i and P ark ey10 d e s c r ib e d  a  
more d e t a i l e d  s tu d y  o f  th e  t h a l l i a t i o n  o f  p h en y lp en ta d eca n o ic  a c id .  
The tim e re q u ir e d  f o r  th e  r e a c t io n  t o  re a c h  e q u il ib r iu m  m s  
d eterm in ed  a t  v a r io u s  te m p e r a tu r e s . F ig u r e s  o f  3 h ou rs a t  room  
tem p era tu re , 20 -  25  m in u tes  a t  5 0 *C and 5 m in u tes  a t  1 0 0 *C were 
q uoted , a lth o u g h  no e x p e r im e n ta l d e t a i l s  were g iv e n  and i t  i s  n o t  
c l e a r  how TFA m s  m a in ta in e d  a t  100 "C.
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A fu r th e r  exam ple o f  th e  u se  o f  th a l l iu m  i n  r a d io !o d in e  
l a b e l l i n g  i s  p ro v id ed  by a  r e c e n t  paper by Abbas e t  a l . 13 They 
u sed  io d o d e t h a l l ia t io n  t o  p rep are  [ 123I ] -  and [ 131 I ] - 2 - 1 5 - (4 - io d a -  
p h e n y l)p e n ty l> o x ir a n e -2 -c a r b o x y l lc  a c id  e t h y l  e s t e r  (2 0 ) ,  a n o th er  f a t t y  
a c id  d e r iv a t iv e  u sed  in  th e  a sse ssm e n t o f  m yocard ia l m etab olism .
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123,131
OEt
(20)
The u se  o f  o rg a n o th a lliu m - in te r m e d ia te s  in  r a d io la b e l l in g  
has n o t been  r e s t r i c t e d  t o  io d in e  i s o t o p e s .  For exam ple, V is s e r  and 
Diemer20 have d e s c r ib e d  th e  p r e p a r a t io n  o f  o -a s ta to b e n z o ic  a c id  and  
p - a s t a t o a n ls o le  by in c u b a t in g  th e  a p p r o p r ia te  t h a l l i a t e d  p r e c u r s o r s  
w ith  2 1 ’ At- .
2 .2  H e r c u r ia t io n  -  I od odemer cu r  i  a t  i  a n 
2 .2 .1  A rom atic M ercu r ia tio n
A rom atic compounds ca n  undergo d ir e c t  m e r c u r ia tio n  in  a 
manner a n a lo g o u s  t o  th e  t h a l l i a t i o n  p r o c e s s  d e s c r ib e d  in  S e c t io n  
2 .1 .  Thus, th e  a d d it io n  o f  m ercury ( I I )  t r i f lu o r o a c e t a t e  s o lu t io n  t o  
a s o lu t io n  o f  an a ro m a tic  compound in  TFA r e s u l t s  in  th e  r a p id  
fo rm a tio n  o f  th e  m e rcu r ia te d  a re n e , ArHgOCOCF3 .
A rylm ercury d e r i v a t i v e s  were known a s  e a r ly  a s  th e  1 9 ^  
c e n tu r y . For exam ple, D im roth d e s c r ib e d  th e  m e r c u r ia tio n  o f  p h e n o l21 
and th io p h en e22 in  th e  l a t e  1890’ s .  T hese r e a c t io n s  were con d ucted  
u s in g  m ercury ( I I )  c h lo r id e ;  i t  was o n ly  a f t e r  th e  k in e t i c  s t u d ie s  
o f  th e  1 9 5 0 's  and 19 6 0 ’ s  t h a t  th e  g r e a t ly  s u p e r io r  r e a c t i v i t y  o f  
th e  t r i f lu o r o a c e t a t e  was e s t a b l i s h e d  ( v id e  in fra ) .  H i s t o r i c a l ly ,  most 
m e r c u r ia tio n  r e a c t io n s  have been  perform ed u s in g  th e  c h lo r id e ,  or  
th e  a c e t a t e ,  form ed in  s i tu  by d is s o lv in g  mercury ( I I )  o x id e  in  
a c e t i c  a c id .
There a re  a number o f  s i g n i f i c a n t  d i f f e r e n c e s  betw een  th e  
m e r c u r ia tio n  and t h a l l i a t i o n  r e a c t io n s .  One o f  th e  most Im portant 
i s  th e  n a tu re  o f  th e  a c t i v e  e l e c t r o p h i l e .  As m entioned  p r e v io u s ly ,  
a t r i f lu o r o a c e t a t e  a n io n  n eed s  t o  be l o s t  from  TTFA in  ord er  t o  
produce CT1 (OCOCFs)^)^, th e  r e a c t in g  s p e c i e s .  T h is  i s  n o t th e  c a s e  
w ith  m ercury ( I I )  t r i f lu o r o a c e t a t e  which r e a c t s  a s  th e  n e u tr a l  
compound. A con seq u en ce o f  t h i s  i s  th a t  m e r c u r ia tio n  p ro ce ed s  in  
n o n -p o la r  s o lv e n t s ,  d ich lo ro m eth a n e  b e in g  c o n v e n ie n t. The f a c t  th a t  
m ercury compounds r e a c t  in  an u n d is s o c ia te d  form  a l s o  e x p la in s  why 
m ercury ( I I )  a c e t a t e  and c h lo r id e  are  e f f e c t i v e  m a ro u r ia tin g  a g e n ts
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w hereas th e  c o r resp o n d in g  th a l l iu m  ( I I I )  compounds a r e  n o t e f f e c t i v e
th a l  H a t in g  a g e n ts .
A fu r th e r  im p o rta n t d i f f e r e n c e  betw een m e r c u r ia tio n  and  
t h a l l i a t i o n  i s  th a t  p o ly m e r c u r ia t io n  o c c u r s  q u i t e  r e a d i ly .  W hereas 
an a ro m a tic  r in g  can  o n ly  be m o n o -th a l l ia te d , a l l  a ro m a tic  p r o to n s
can be s u b s t i t u t e d  by m ercury. The r e a so n  fo r  t h i s  c o n t r a s t in g
b eh av iou r i s  n o t  a b s o lu t e ly  c l e a r .  S t e r i c  argum ents have o f t e n  been
in vok ed , but su ch  a d i s t i n c t i o n  betw een  m ercury and t h a l l iu m  seem s
u n l ik e ly .  An e l e c t r o s t a t i c  e x p la n a t io n  would seem  more p la u s ib le .
Mercury ( I I )  t r i f l u o r o a c e t a t e  i s  n o t a  p ow erfu l o x id i s in g  
a g en t a s  TTFA i s .  C o n seq u en tly , th e  d i f f i c u l t i e s  en co u n ter ed  in
th e  t h a l l i a t i o n  o f  e l e c t r o n - r i c h  compounds a re  n o t e n co u n ter ed  in
m e rcu r ia tio n . The e a r ly  ex a m p les  o f  th e  m e r c u r ia tio n  o f  p henol and
th io p h en e  have a lr e a d y  b een  m entioned; su ch  compounds a re  d i f f i c u l t  
t o  t h a l l i a t e  w ith o u n t co n c u r r e n t o x id a t io n .
- 8 0 -
One o f  th e  e a r l i e s t  r e p o r t s  o f  io d o d e m e r c u r ia tio n  would  
appear to  be c o n ta in e d  w ith in  a  fu r th e r  paper by D im ra th .23  
S a l i c y l i c  a c id  was m e r c u r ia te d  w ith  m ercury <11 > a c e t a t e  in  AcOH 
and su b seq u en t r e a c t io n  o f  th e  p rod u ct w ith  p o ta ss iu m  io d id e  was 
re p o r te d  t o  y i e l d  th e  p o ta ss iu m  s a l t  o f  o - i o d o s a l i c y l i c  a c id .
G en era lly  sp e a k in g , th e  d isp la c e m e n t o f  m ercury by io d in e  
p ro ceed s  much l e s s  r e a d i ly  th a n  th e  d isp la c e m e n t o f  th a l l iu m . Xn 
an extrem e c a s e ,  Deacon and F arq u aharson 2 '1 q u o ted  tim e  p e r io d s  o f  
up tD 14 d ays t o  en su re  th e  co m p le te  io d o d e m e r c u r ia tio n  o f  some 
p o ly m ercu r ia ted  a r e n e s . The r e a c t io n  was brought ab out by s t i r r i n g  
w ith  e x c e s s  io d in e  and sod iu m  io d id e  in  DHF.
I t  i s  p erh ap s b eca u se  o f  th e  s lo w  d e m e r c u r ia tio n  r e a c t io n  
th a t  l i t e r a t u r e  e x a n p le s  o f  r a d io h a lo g e n a t io n  v i a  m e rcu r la te d
in te r m e d ia te s  a re  n o t a s  numerous a s  m ight be e x p e c te d . A lso , th e  
f a c t  t h a t  m e r c u r ia tio n  i s  l e s s  r e g l o s p e c i f i c ,  and i s  co m p lic a te d  by
m u lt ip le  s u b s t i t u t io n ,  makes I t  l e s s  a p p e a lin g  th an  t h a l l i a t i o n  f o r  
many a p p l ic a t io n s .  The m a jo r ity  o f  l i t e r a t u r e  io d o d e m e r c u r ia t io n s
seem  t o  In v o lv e  e l e c t r o n - r ic h ,  o f t e n  p h e n o l ic - ty p e  compounds su ch  a s  
e s t r a d io l .  N o n -r a d io a c t iv e  work w ith  e s t r a d io l  h a s  b een  r e p o r te d  by  
S a n t a n ie l lo  e t  a l . 2 5 ' 2 e  and by Tsukamoto and Y ada.27 S a n t a n i e l l o ' s  
s tu d y  In v o lv e d  m e r c u r ia t io n  w ith  m ercury ( I I )  a c e t a t e ,  c o n v e r s io n  t o  
th e  ch lorom ercu ry  d e r iv a t iv e  w ith  c h lo r id e  io n s ,  and su b seq u en t  
d em e rcu r ia tio n  w ith  io d in e  o r  brom ine in  ch lo ro fo rm . T h is  p roced u re  
a ffo r d e d  2 - s u b s t i t u t e d  e s t r a d i o l s  r e g l o s p e c i f i c a l l y . 26 Tsukamoto and  
Yada t r e a t e d  e s t r a d io l  d i r e c t l y  w ith  io d in e  and m ercury ( I I )  a c e t a t e
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2 . 2 . 2  Io d a d e m e r c u r ia t io n  a n d  A p p l ic a t io n s
in  a c e t i c  a c id ,  and o b ta in e d  a m ix tu re  Qf th e  2 -  and 4 - io d in a te d  
p r o d u c ts .27
E s tr a d io l  was a l s o  am ongst th e  compounds s tu d ie d  by V is s e r  
and co  worker s . 20 *29 They d e s c r ib e d  th e  p r e p a r a t io n  o f  a ro m a tic  
a s t a t in e  compounds v ia  organom ercury in t e r m e d ia te s .  I n i t i a l l y ,  o n ly  
th e  a s t a t in a t io n  o f  s im p le  model compounds was d e s c r ib e d 2 0 , b u t in  
a fo l lo w -u p  p u b l ic a t io n  t h e  method was a p p lie d  t o  v a r io u s  s t e r o i d s  
and p y r im id in e s .23 S u b s tr a te s  w ere m ercu r ia ted  u s in g  e i t h e r  HgSCL in  
0 .4  M EhSCU or Hg(OAc)2 in  HaOAc b u f fe r .  The i n i t i a l  p ro d u c ts  were 
th en  co n v e r te d  t o  ch lo ro m ercu ry  d e r iv a t iv e s  by exp o su re  t o  e x c e s s  
NaCl. A s ta t in a t io n  was th e n  perform ed  by a d d in g  2 1 ’ At" in  b u ffe r e d
m edia t o  th e  ch lorom ercu ry  compounds i n  ch lo ro fo rm . R e a c tio n  t im e s
were t y p i c a l l y  o f  th e  o rd er  o f  an hour and r a d io ch em ic a l y i e l d s  
in  th e  range 70 -  95% w ere o b ta in e d .
An exam ple w hich  h i g h l i g h t s  th e  r e le v a n c e  o f  th e  k i n e t i c  
and m e c h a n is t ic  s t u d ie s  d e s c r ib e d  in  S e c t io n  2 .3 ,  i s  th e  work o f  
Dougan e t  a l . 3 0 *31 They u sed  m e r c u r ia tio n  -  io d o d e m e r c u r ia tio n  in  th e  
p r e p a r a t io n  Df 12 3 I-< 1 5 -p - iD d o p h en y l)p e n ta d e ca n D ic  a c id 3 0 , but were 
con cern ed  about th e  p o s s i b i l i t y  o f  in t e r f e r e n c e  from  o th e r  iso m ers  
in  s t u d ie s  o f  h e a r t  d i s e a s e .  In  a su b seq u en t in v e s t ig a t io n ,  p h e n y l-  
p en ta d eca n o ic  a c id  e t h y l  e s t e r  was m ercu r ia ted  w ith  m ercury ( I I )  
t r i f lu o r o a c e t a t e  in  TFA, w ith  r e a c t io n  t im e s  o f  3 .5  m in u tes  and 3 .5  
d a y s .31 A fte r  th e  s h o r t  r e a c t io n  t im e , an iso m er d i s t r i b u t i o n  o f  
15.2% o, 8.7% m and 76.1% p  was o b ta in e d , w h ile  a f t e r  3 .5  d a y s, t h i s
had become 32.5% o, 43.3% m and 24.2% p.
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T h is s e c t io n  d e t a i l s  some o f  th e  k in e t i c  s t u d ie s  th a t  
have been co n d u cted  on th e  t h a l l i a t i o n  and m e r c u r ia t io n  r e a c t io n s .  
I t  i s  la r g e ly  c h r o n o lo g ic a l ,  h en ce  m e r c u r ia t io n  i s  d is c u s s e d  f i r s t .
Much o f  th e  e a r ly  k i n e t i c  work on a ro m a tic  m e r c u r ia tio n
was perform ed by V esth e im er e t  a l . 3 2 -3 4  and by Brown e t  a l , 3 5 -4 2
T h is  work h as been  w e ll - r e v ie w e d  by K itc h in g 43 and by T a y lo r .4 4 *45 
S u rv ey in g  th e s e  e a r ly  r e p o r t s  r e v e a l s  how th e  c o m p le x it ie s  o f  th e  
s u b je c t  have o n ly  g r a d u a lly  been  c l a r i f i e d .  The e a r l i e s t  s t u d ie s  
on th e  m e rcu r ia tio n  o f  b en zen e3 2 •3 3 *3 S •3 5 , w ith  Hg(OAc)2 in  aqueous  
a c id ic  m edia, e s t a b l i s h e d  fundam ental f a c t s  su ch  a s  th e  a c c e le r a t io n  
o f  th e  r e a c t io n  by p e r c h lo r a t e  io n s  and th e  r e ta r d a t io n  by w ater. 
I t  was o n ly  a f t e r  a  d ecad e o f  co n tin u e d  r e s e a r c h  t h a t  a l l  th e  
o b s e r v a t io n s  were s a t i s f a c t o r i l y  e x p la in e d .3 4 ' 3*5 *4 0 .
P e r c h lo r ic  a c id  show ed a s t r o n g  c a t a l y t i c  e f f e c t  Dn
m e r c u r ia tio n  w ith  Hg<OAc>2 | ow ing t o  th e  fo r m a tio n  o f  th e  much
more e l e c t r o p h i l i c  a ceto x y m ercu ry  ( I I )  p e r c h lo r a te  (e q u a tio n  2 .9 )  :
Hg(OAc)2 ♦ HCIO, Hg(0Ac)+C !0] * AcOH 2.9
The a d d it io n  o f  sod ium  p e r c h lo r a te  a l s o  a c c e le r a t e d  th e  
r e a c t io n ,  s in c e  t h i s  g e n e r a te d  p e r c h lo r ic  a c id  in  s i tu  (e q u a tio n  
2 .1 0 )  :
NaCI04 + AcOH NaOAc + H C I04 2.10
Water was fou n d  t o  r e ta r d  th e  r e a c t io n ,  ow ing to  i t s  
p r o to n a tio n  by p e r c h lo r ic  a c id  (e q u a tio n  2 .1 1 ) .  The a c id  was th u s  
u n a v a ila b le  f o r  c a t a l y s i s .
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2 .3  K in e t ic  and  M e c h a n is t ic  S tu d ie s  o f  T h a l l i a t i o n  an d  M e r c u r ia t io n
F u rth er d e t a i l s  on t h e s e  p o in t s  a r e  g iv e n  in  th e  r e v ie w s  
by Tay1o r . AA- 46
Brow n's f i r s t  s t u d ie s  on th e  HgCOAc)^ /  AcOB /  HGIO^ . sy stem , 
were perform ed on b en zen e and t o l u e n e .3 5 -36 R e a c tio n s  were fo l lo w e d  
by rem oving a l iq u o t s ,  e v a p o r a t in g  th e  u n rea cted  aren e and c o n v e r t in g  
th e  m ercu r ia ted  d e r i v a t i v e s  t o  th e  c o r resp o n d in g  bromo- compounds 
u s in g  brom ine in  carbon  d is u lp h id e .  T hese were th en  q u a n t i f ie d  by 
means Df in f r a r e d  s p e c tr o s c o p y . At 2 5 °C, th e  to lu e n e  /  benzene r a te  
r a t io  was found t o  be around 8 , and th e  iso m er d i s t r ib u t io n  <o ; m 
: p) in  th e  r e a c t io n  w ith  to lu e n e  was e s t im a te d  a s  21 : 9 .5  ; 6 9 .5 .  
However, t h i s  was n o t c o n s ta n t  w ith  tim e; th e  amounts o f  th e  o- 
and m-T som ers in c r e a s e d  o v er  a p e r io d  o f  d ays a s  th ou gh  th e  
sy stem  was te n d in g  to w a rd s  a s t a t i s t i c a l  40 : 40  : 20 d is t r ib u t io n  
<36 ; 31 : 33 a f t e r  28 d a y s3 6 ) . The r e a c t io n  was l e s s  s e l e c t i v e  a t  
h ig h e r  tem p era tu res , b o th  in  tern®  o f  th e  to lu e n e  /  b enzene r a te  
r a t i o  and th e  to lu e n e  Isom er d i s t r i b u t i o n .
Subsequent s t u d ie s  w ere c a r r ie d  o u t u s in g  a lk y lb e n z e n e s 36  
and th e  h a lo b e n z e n e s .33 In  t h e  c a s e  o f  a lk y lb e n z e n e s , o b s e r v a t io n s  
were r e a d i ly  e x p la in e d  on s t e r i c  grou n ds. For exam ple, no orth o-  
m e r c u r ia tio n  was s e e n  w ith  t -b u ty lb e n z e n e , a s  would be e x p e c te d  in  
a r e a c t io n  in v o lv in g  a  b u lk y  e l e c t r o p h i l e .  H alob en zen es r e a c te d  more 
s lo w ly ,  th e  r e l a t i v e  r a t e s  (FhH = 1) b e in g  0 .7 0 2  CPhF), 0 .1 0 0  <PhCl) 
and 0 .0 9 0  CPhBr). R e a c tio n  r a t e s  w ere m easured by fo l lo w in g  th e  
l o s s  o f  Hg2 ^ by t i t r a t i o n  w ith  sta n d a rd  th io c y a n a te  s o lu t io n .
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a c e ta te  w ith  AcOH. In  o rd er  t o  d eterm in e  isom er d is t r ib u t io n s ,
m ercu r ia ted  d e r iv a t iv e s  w ere c o n v e r te d  t o  bromo- d e r iv a t iv e s  and
th e  r e s u l t in g  d ih a lo b e n z e n e s  w ere a n a ly se d  by g*c.
Rate d a ta  f o r  a l l  s u b s t r a t e s  s tu d ie d  was c o l l a t e d  and a
Hamnett p lo t  was c o n s t r u c t e d .30  R e s u lt s  showed a good c o r r e la t io n  
w ith  o'* v a lu e s  and a p v a lu e  o f  - 4 .0 0  was d eterm in ed .
In 1966, Brown and W irkkala33 r e p o r te d  on m e r cu r ia tio n  by
mercury ( I I )  t r i f lu o r o a c e t a t e  in  TFA. R e a c t io n s  were v ery  much f a s t e r  
in  t h i s  medium and th e  k i n e t i c s  were n ot c o m p lica te d  by r e a c t io n s
w ith  th e  s o lv e n t .  The m e r c u r ia t io n  o f  benzen e a t  2 5 °C was found
t o  p ro ceed  6 .9  x 10s  t im e s  f a s t e r  i n  TFA th a n  in  a c e t i c  a c id .  As
in  th e  e a r l i e r  work w ith  th e  a c e t a t e ,  r a t e  d a ta  were c o l l e c t e d
fo r  a l k y l -  and h a lo b e n z e n e s . D e s p ite  th e  g r e a t ly  enhanced r e a c t i v i t y
o f  th e  t r i f lu o r o a c e t a t e  r e a g e n t ,  r e a c t io n s  were found t o  be more 
s e l e c t i v e .  For exam ple, m e r c u r ia t io n  o f  to lu e n e  a t  2 5 °C r e s u l t e d  in
an a : m : p  r a t i o  o f  1 2 .2  : 8 .6  : 7 9 .2 .  The r e a c t io n  in  TFA was
a l s o  found t o  be more s e n s i t i v e  t o  s u b s t i t u e n t s .  The to lu e n e  /
b enzene r a t e  r a t i o  w as fou n d  tD  be 9 .8 9  Ccf. 8 in  AcOH). The 
lo g a r ith m s  o f  th e  p a r t i a l  r a t e  f a c t o r s  c o r r e la te d  w ith  o'* v a lu e s
g iv in g  a p v a lu e  o f  - 5 .6 8 .
T hese r e s u l t s  ap pear t o  c o n tr a d ic t  th e  g e n e r a l r e a c t i v i t y -  
s e l e c t l v l t y  p r in c ip le  b u t a re  e x p la in e d  by th e  seco n d  s t e p  o f  th e  
s u b s t i t u t io n  p r o c e s s  b e in g  r a k e - l im i t in g ,  i . e .  k - i  > k2 . T h is a r i s e s  
b ecau se o f  th e  r e l a t i v e l y  lo w  s t r e n g th  o f  th e  C-Hg bond.
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R e s u l ts  had  t o  be c o r r e c t e d  f o r  th e  r e a c t io n  o f  m e rc u ry  ( I I )
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Another co n seq u en ce  o f  k - i  b e in g  g r e a te r  th an  k^ i s  t h a t  
c o n s id e r a b le  k in e t i c  i s o t o p e  e f f e c t s  a re  ob serv ed ; kn /ko v a lu e s  In  
th e  range 4 .7  -  6 .8  have been r e p o r te d .3 4 *41
Mast o f  th e  more r e c e n t  k in e t i c  s t u d ie s  o f  m e r c u r ia tio n
have been accom panied by a s im i la r  s tu d y  o f  t h a l l i a t i o n .  Thus, I t  
i s  d i f f i c u l t  t o  d iv id e  t h i s  r e v ie w  in t o  s e p a r a te  s e c t i o n s  f o r  th e
two m e ta l la t io n  p r o c e s s e s .  I n s te a d , th e  work o f  th e  v a r io u s  r e s e a r c h
groups i s  sum m arised in  a p p r o x im a te ly  c h r o n o lo g ic a l  o rd er .
S in c e  about 1970, numerous a tte m p ts  have been made t o
stu d y  th e  k i n e t i c s  o f  a ro m a tic  t h a l l i a t i o n .  Amongst th e  e a r l i e s t  
work was th a t  o f  H en ry .7 He exam ined th e  t h a l l i a t i o n  o f  s im p le  
arom atic  compounds in  v a r io u s  a c i d i c  m edia, u s in g  p o la r o g r a p h ic
a n a ly s i s  t o  m on itor th e  co m p o s it io n  o f  th e  m ix tu re s . E xperim en ts  
c a r r ie d  o u t in  aq ueous p e r c h lo r ic  a c id  in d ic a t e d  th a t  t h a l l i a t i o n  
r a t e s  In cr e a se d  w ith  I n c r e a s in g  a c id  c o n c e n tr a t io n  and w ith  
tem p eratu re . R e la t iv e  r a t e s  were c o n s i s t e n t  w ith  an e l e c t r o p h i l i c  
arom atic  s u b s t i t u t io n ,  to lu e n e  r e a c t in g  f a s t e r  th an  b en zen e, and
b e n zo ic  a c id  r e a c t in g  o n ly  s lo w ly  a t  e le v a t e d  tem p eratu re . The u se
o f  a l t e r n a t iv e  s o lv e n t s  le d  t o  th e  c o n c lu s io n  th a t  TFA was by 
f a r  th e  b e s t  s o lv e n t  f o r  t h a l l i a t i o n .
c a r r ie d  o u t by B rio d y  and Hoore4 0 ' 47 They found th a t  t h a l l i a t i o n
w ith  TTFA in  TFA was to o  f a s t  tD s tu d y  by c o n v e n tio n a l k in e t i c  
p ro ced u res . D i lu t io n  o f  th e  TFA w ith  a c e t i c  a c id  cau sed  a marked
d e c r e a se  in  th e  r e a c t io n  r a t e s  and a llo w e d  m easurem ents to  be
m ade.46 T oluene was found  t o  r e a c t  around se v e n  t im e s  a s  f a s t  a s
ben zen e. Prim ary i s o t o p e  e f f e c t s  o f  3 .6  and 3 .7  were reco rd ed  fo r
th e  two s u b s t r a t e s .
T h a l l ia t io n  by t h a l l iu m  ( I I I )  a c e t a t e  in  4 : 1 a c e t i c  a c id
-  w ater was a l s o  s tu d ie d  by B riod y  and Moore4 7 , u s in g  p e r c h lo r ic
and s u lp h u r ic  a c id s  a s  c a t a l y s t s .  The r e a c t io n s  were fo llo w e d  by
m o n ito r in g  th e  l o s s  o f  th a l l iu m  ( I I I ) .  T h is  was done by quenching
a l iq u o t s  on i c e ,  a d d in g  brom ate r e a g e n t and e s t im a t in g  th e  bromine
l ib e r a t e d  w ith  Kl and th iD s u lp h a te  t i t r a t i o n .  The k in e t i c  d a ta  d id  
n o t conform  t o  a s i n g l e  r a t e  law  presum ably due to  th e  numerous
th a l l iu m  ( I I I )  s p e c i e s  e x i s t i n g  in  th e  m ix tu r e s , (T1 (OAc)r,X3-n  , where 
X = CIOa o r  HS04 ) .  T o lu en e tD  benzen e r a t e  r a t io s  v a r ie d  from  1 .9  
t o  1 5 .5 .
In 1977, Olah and cow o rk ers40 r e p o r te d  on k in e t i c  s t u d ie s  
o f  b oth  th e  t h a l l i a t i o n  and m e r c u r ia tio n  o f  a ro m a tic  compounds,
u s in g  th e  m etal t r i f l u o r o a c e t a t e s  in  TFA. They p o in te d  ou t th a t  
th e  r e l a t i v e l y  h ig h  p e r c e n ta g e  o f  th e  m eta- isom er o b ta in e d  in
th e  m e rcu r ia tio n  o f  to lu e n e  by Brown and N e lso n 35 was prob ab ly  due
t o  th e  lo n g e r  r e a c t io n  t im e , compared t o  th a t  used  by K lapproth
and V e sth e im er .32 I t  was co n firm ed  t h a t  isom er d i s t r ib u t io n s  in
m e r c u r ia t io n s  were n o t c o n s ta n t ,  but th a t  th e  p e r c e n ta g e s  o f  th e
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K in e t ic  e x p e r im e n ts  u s in g  b e n ze n e  and  to lu e n e  w ere a ls o
orth o-  and m eta -iso m ers  in c r e a s e d  w ith  th e  tim e  o f  r e a c t io n .  The 
to lu e n e  /  ben zen e r a t e  r a t i o  d ec r e a se d  from  15 a f t e r  th e  s h o r t e s t  
r e a c t io n  t im e s  to  8 a f t e r  160 m in u tes.
In v iew  o f  th e s e  f in d in g s ,  Olah e t  a l . 4 s  c a r r ie d  out 
c o m p e t it iv e  m e r c u r ia tio n  ex p er im en ts  w ith  o th e r  s u b s t r a t e s  a t  0°C 
tD m in im ize th e  i s o m e r is a t io n  p r o c e s s .  For f a s t  r e a c t io n s ,  a f lo w -  
q uench in g  a p p a ra tu s was em ployed to  a l lo w  s h o r t  r e a c t io n  t im e s  (o f
th e  ord er  o f  1 s e c . ) .  P r e c o o le d  s o lu t io n s  o f  th e  a ro m a tic  s u b s tr a te  
and mercury ( I I )  t r i f lu o r o a c e t a t e  were mixed v ia  two s y r in g e s .  A fte r  
s p e c i f i c  t im e  in t e r v a l s ,  r e a c t io n  m ix tu res  were quenched w ith  sodium  
brom ide s o lu t io n .  The p r e c ip i t a t e d  ary lm ercu ry  ( I I )  brom ides were th en  
d r ie d  and co n v e r te d  t o  brom oarenes u s in g  brom ine in  ch lo ro fo rm . 
Brom oarenes were s u b s e q u e n tly  a n a ly se d  by g a s / l iq u id  chrom atography. 
The r e l a t i v e  r a t e s  m easured fo r  n in e  d i f f e r e n t  m o n o -su b s t itu te d
a r o m a tic s  c o r r e la t e d  r e a so n a b ly  w e ll  w ith  Hammett-Brown ir- c o n s ta n t s  
g iv in g  a p v a lu e  Df - 6 .3 1  ( c o r r e la t io n  c o e f f i c i e n t  0 .9 5 ) .  (Improved  
c o r r e la t io n  (0 .9 8 )  was found by u s in g  th e  Yukawa-Tsuna tr e a tm e n t , p = 
- 5 . 8 2 . )  The r e s u l t s  w ere in d i c a t iv e  o f  th e  o—com plex n a tu re  o f  th e
t r a n s i t i o n  s t a t e  f o r  m e r c u r ia tio n . T h is  was a l s o  th e  im p lic a t io n  
o f  some a d d it io n a l  ex p e r im e n ts  w ith  p o ly m eth y lb en zen es . The r e l a t i v e  
m e r c u r ia tio n  r a t e s  o f  th e s e  were a l s o  d eterm in ed  by c o m p e t it iv e  
m ethods, and th e  r e s u l t s  compared w ith  th e  r e l a t i v e  s t a b i l i t i e s  o f
o'- and jr-com plexes o f  th e  s u b s t r a t e s .  A b e t t e r  c o r r e la t io n  was 
found w ith  o*-complex s t a b i l i t i e s .
Olah e t  a l . A& a l s o  s tu d ie d  th e  t h a l l i a t i o n  p r o c e s s  in  a 
s im i la r  manner. A to lu e n e  /  b en zen e r a t e  r a t io  o f  35 was m easured
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a t  1 5 °C, w h ile  th e  to lu e n e  isom er d i s t r ib u t io n  was found  t o  be
9% o rth o , 5% meta and 86% para. These r e s u l t s  rem ained a p p ro x im a te ly
c o n s ta n t  w ith  r e a c t io n  t im e  a t  tem p era tu res  o f  15 *C and below . 
However, a t  h ig h er  te m p era tu re s  (50 'C , 7 3 * 0 ,  th e  amounts o f  ortho-  
and m eta -iso m ers in c r e a s e d  w ith  r e a c t io n  tin ® , a t  th e  ex p en se  o f
th e  k i n e t i c a l l y  fa v o u red  p a r a -iso m e r , and th e  to lu e n e  /  benzene r a t e
r a t io  d ecr ea sed  d r a m a t ic a lly .  As w ith  m e r c u r ia tio n , th e  r e l a t i v e  
r e a c t i v i t i e s  o f  a s e r i e s  o f  m o n o -su b st itu te d  a ro m a tic s  were 
d eterm in ed . C o r r e la t io n  o f  t h e s e  w ith  Hammett-Brown cr- c o n s ta n ts
r e s u l t e d  in  a p v a lu e  o f  - 6 .9 2  ( c o r r e la t io n  c o e f f i c i e n t  0 .9 6 ) .
I n t e r e s t in g ly ,  in  th e  a lk y lb e n z e n e  s e r i e s ,  th e  ord er  o f  r e a c t i v i t y  
fo r  t h a l l i a t i o n  (t-B u  > i - P r  > E t > Me) was found to  be th e  r e v e r s e  
o f  th a t  s e e n  fo r  m e r c u r ia tio n  (Se > Et > i~ P r > fc-Bu). T h a l l ia t io n  
a l s o  p roceed ed  w ith  a g r e a te r  p a r a - s e l e c t i v i t y ,  in d ic a t iv e  o f  a
g r e a te r  s t e r i c  re q u irem en t. The r e l a t i v e  t h a l l i a t i o n  r a t e s  o f  p o ly -
m eth y lb en zen es were a l s o  m easured. Com parison o f  th e s e  w ith  o'- and 
i t - b a s i c i t i e s  o f  th e  s u b s t r a t e s  r e s u l t e d  in  s im i la r  c o r r e la t io n s ,  so  
th a t  t h i s  c r i t e r i o n  was n o t c o n c lu s iv e  in  d e te rm in in g  Lhe n atu re  
o f  th e  t r a n s i t i o n  s t a t e .  However, th e  a u th o r s  fa v o u red  a v -com p lex  
in te r m e d ia te , c i t i n g  a s  e v id e n c e  th e  a fo rem en tio n ed  is o t o p e  e f f e c t  
d a ta  o f  B riod y  and M oore.46
The w id e ly  v a r y in g  to lu e n e  J benzene r a t e  r a t i o s  r e p o r te d  
by B riod y  and Moore46 and by Qlah e t  a i . 43 prompted S to ck  and 
cow ork ers43 t o  ca r ry  o u t some s im i la r  m easurem ents. They s tu d ie d  
c o m p e t it iv e  t h a l l i a t i o n  o f  b en zen e and to lu e n e  under th e  s ta n d a rd  
p r e p a r a t iv e  c o n d it io n s ,  i . e .  r e a c t io n  w ith  TTFA in  TFA a t  25*C.
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A s e r i e s  o f  ex p er im en ts  was co n d u cted  in  which th e  to lu e n e  /  
benzene c o n c e n tr a t io n  r a t i o  was v a r ie d  from  0 .0 5  to  0 .2 .  The TTFA 
c o n c e n tr a t io n  was a l s o  v a r ie d  by a fa c t o r  o f  two. The r e a c t io n s
were a llo w e d  t o  p ro ceed  fo r  7 m in e . , th e n  quenched w ith  e x c e s s  
p o ta ss iu m  io d id e .  The r e s u l t i n g  io d o a r e n e s  were a n a ly se d  by g . c . ,
w h ile  to lu e n e  isom er d i s t r i b u t i o n s  were d eterm in ed  by J9MR. The 
to lu e n e  /  benzene r a t e  r a t i o  was found t o  be r e a so n a b ly  c o n s ta n t  
a t  4 3 .5  ± 5 and th e  to lu e n e  isom er d i s t r ib u t io n  was found t o  be 
9.7% ortho, 3.5% meta and 86.8% para. P a r t ia l  r a t e  f a c t o r s  were 
e v a lu a te d  and th e  a u th o r s  co n c lu d ed  t h a t  th e  r e s u l t s  were w h o lly  
c o n s i s t e n t  w ith  a c o n v e n t io n a l e l e c t r o p h i l i c  s u b s t i t u t i o n  p r o c e s s  
v ia  a Wheland in te r m e d ia te .
In 1980, R o b erts50 p u b lis h e d  th e  f in d in g s  o f an NMR stu d y
o f  a ro m a tic  t h a l l i a t i o n  and m e r c u r ia tio n . The la r g e  T l-H  c o u p lin g s
( s e e  p .97) made i t  r e l a t i v e l y  s tr a ig h t fo r w a r d  t o  s tu d y  t h a l l i a t i o n
by t h i s  method. R ate c o n s ta n t s  were e v a lu a te d  by m o n ito r in g  th e  
appearance or d isa p p ea ra n ce  o f  w e l l - r e s o lv e d  s i g n a l s  in  th e  1H 
spectrum , when a r e n e s  and TTFA were m ixed in  d~TFA. E xperim en ts  
were con d u cted  w ith  b en zen e, to lu e n e  and t-b u ty lb e n z e n e  and th e
r e a c t i v i t y  o rd er , t-Bu > Me >> H was found, in  a cco rd a n ce  w ith  O la h 's
r e s u l t s .  The m easured to lu e n e  /  b en zen e r a t e  r a t io ,  24 , was however 
somewhat low er than  in  th e  e a r l i e r  s t u d ie s .  E xperim en ts w ith  ds™
to lu e n e ,  CeDsCHa, r e s u l t e d  in  a prim ary is o t o p e  e f f e c t  o f  5 .0 ,  
I n d ic a t in g  r a te -d e te r m in in g  p ro to n  t r a n s f e r .
The p a r a l l e l  MMR stu d y  on m e r c u r ia tio n  d id  n o t  g e n e r a te  
r a t e  c o n s ta n ts ,  but se r v e d  t o  c o n fir m  O la h 's  o b s e r v a t io n s  o f
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i s o m e r is a t io n .  The m e r c u r ia tio n  o f  to lu e n e ,  by m ercury ( I I )  t r i f l u o r o -  
a c e ta te  in  TFA, was co n d u cted  a t  18 *C. I n i t i a l l y ,  th e  p a ra -iso m er  
predom inated , but a f t e r  26 h o u rs, orth o-, meta- and p a r a -iso m e r s  w ere 
p r e se n t  in  com parable am ounts. When th e  r e a c t io n  was a llo w ed  t o  
p roceed  fo r  a lo n g e r  tim e , th e  m eta-isom er became predom inant.
In fu r th e r  s t u d ie s ,  R o b er ts  and cow orh ers s tu d ie d  a ro m a tic  
t h a l l i a t i o n  and m e r c u r ia tio n  by s p e c tr a p h o to m e tr lc  and t i t r i m e t r i c  
m ethods, a s  w e ll  a s  by NMR.5 1 -62 On m ixing  a ro m a tic  s u b s t r a t e s  and 
th e  m e ta l la t in g  a g e n ts  in  TFA, f l e e t i n g  y e l lo w  c o lo u r s  were se e n  
due to  in te r m e d ia te  ir-com p lexes. I t  was found p o s s ib le  t o  s tu d y  
th e  f a t e  o f  th e s e  by m o n ito r in g  th e  U .V , /v i s .  sp ectru m  in  th e  
range 300 -  350nm. E v id en ce  p o in te d  t o  a mechanism o f  th e  ty p e  
d e s c r ib e d  by eq u a tio n  2 .1 3  :
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Ki kz
ArH + Hg(OCOCF3) 2 Y — Cx-com plexI  ^ p ro d u c ts  2 .1 3
U sin g c o n d it io n s  where CArHl »  [ Hg(0C0CF3 )a3 , e q u a tio n  2 .1 4  
h o ld s , where kobs i s  th e  o b serv ed  p s e u d o - f ir s t - o r d e r  r a t e  c o n s ta n t  :
l / k ot,a = 1 /feK i . 1 /  C ArHI + l / k 2 2 .1 4
The com ponents o f  k0 t.D vie r e  th u s  s e p a r a b le . The r e s u l t s  
o b ta in e d  from  th e  U.V. and t i t r i m e t r i c  s t u d ie s  were in  e x c e l l e n t  
agreem ent. V alues o f  Ki and k s fo r  m e r c u r ia tio n  were d eterm in ed  
fo r  a s e r i e s  o f  s im p le  a ro m a tic  s u b s t r a t e s .  E xp erim en ts w ith  
benzene and cfe-benzene a llo w e d  is o to p e  e f f e c t s  to  t e  e v a lu a te d .
Ki v a lu e s  v a r ie d  a s  e x p e c te d  f o r  th e  form at io n  o f  a jr-com plex,
w h ile  th e  e f f e c t  o f  s u b s t i t u e n t  on k=> was more marked. Taken in
com bin ation  w ith  B row n's p a r t i a l  r a t e  f a c t o r s 3 3 , th e  r e s u l t s  were 
used  t o  c o n s tr u c t  a Hammett p lo t ,  c o r r e la t in g  w e ll  w ith  V* v a lu e s
(p = - 5 . 8 ) .  However, R o b erts' r e s u l t s  were in  c lo s e r  agreem ent w ith  
th o s e  o f  Olah4 3 , and u s in g  O la h 's  isom er r a t i o s  t o  c a l c u la t e
p a r t ia l  r a t e  f a c t o r s ,  a p v a lu e  a f  - 6 .4  was o b ta in e d  from  o*— 
c o r r e la t io n s .
I so to p e  e f f e c t s  (Rh/R d ) were found to  be 6 .4  and 5 .6  
from  th e  t i t r i m e t r i c  and s p e c tr o p h o to m e tr lc  m ethods r e s p e c t i v e l y .
D is s e c t io n  o f  th e  i s o t o p e  e f f e c t  in t o  th o s e  on Ki and ks>
r e v e a le d  t h a t  most o f  th e  e f f e c t  was ap p aren t on th e  kz v a lu e s .
A nalogous ex p er im en ts  c a r r ie d  o u t w ith  TTFA showed th e  
r e a c t io n s  t o  be v ery  much f a s t e r  th an  th e  e a r l i e r  NMR s tu d y  had
in d ic a te d . A g r e a t  anom aly was a p p a ren t, w hich R ob erts a t t r ib u t e d  t o  
im p u r it ie s  in  com m ercial TTFA. In 1982s 2 , he e f f e c t i v e l y  d is m is s e d
th e  1980 NMR stu d y , a s  th e  TTFA u sed  was found t o  c o n ta in  la r g e
amounts o f  th a ll iu m  ( I ) .  R e s u lt s  were o n ly  c o n s i s t e n t  w ith in  a 
p a r t ic u la r  batch; v a r ia t io n s  in  th a l l iu m  ( I I I )  c o n te n t  were found  
betw een b a tch es . R e c r y s t a l l i s a t i o n  from  TFA d id  n ot remove th e  
im p u r it ie s .
As a r e s u l t ,  R o b erts  c a r r ie d  o u t su b seq u en t work u s in g  
th a ll iu m  ( I I I )  a c e t a t e ,  w hich  c o u ld  be o b ta in e d  In  a h ig h  s t a t e  
o f  p u r ity . I t  was acknow ledged  th a t  th e  r e a c t iv e  s p e c i e s  in  TFA
s o lu t io n  was l i k e l y  t o  be T1 (OAc)„ (0C0CF3 >3-r., but t h i s  sy stem
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a llo w e d  th e  c o l l e c t i o n  o f  r e p r o d u c ib le  d a ta .  R a te s  o f  t h a l l i a t i o n
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were m easured fo r  a s e r i e s  o f  a l k y l -  and h a lo b en zen es . These  
c o r r e la t e d  w e ll  w ith  v a lu e s ,  y ie ld in g  a p v a lu e  o f  - 8 . 3 ,
in d ic a t iv e  o f  g r e a te r  ch a rg e  developm ent d u r in g  th e  r e a c t io n  th an  
in  th e  c a s e  o f  m e r c u r ia t io n . Hov/ever, th e  s t a b i l i t y  o f  TTFA -  arene  
it-com p lexes showed a g r e a te r  s e n s i t i v i t y  tow ard s s u b s t i t u e n t  e f f e c t s  
th an  th e  c o r r esp o n d in g  m ercury c o n p le x e s .52
and m e c h a n is t ic  s tu d y  o f  t h a l l i a t i o n ,  u s in g  a  s e r i e s  o f  p o ly m eth y l-  
b en zen es. P r e p a r a t iv e  work w ith  th e s e  s u b s t r a t e s  was in d ic a t iv e  o f  
th r e e  m ajor r e a c t io n  ty p e s ,  nam ely n u c le a r  s u b s t i t u t io n  (A), b ia r y l  
co u p lin g  (B) and s id e - c h a in  s u b s t i t u t io n  (C) :
F ig . 2 .2  : R e a c t io n s  o f  P o ly m eth y lb en zen es  w ith  TTFA (from  R e f .5 3 ) .
In th e  c a s e  o f  m e s it y le n e  ( 1 , 3 , 5 - t r i  m ethyl b en zen e) , pathway
(A ), le a d in g  t o  m e s i t y l t h a l l iu m  b i s ( t r i f l u o r o a c e t a t e ) , was th e  o n ly  
s i g n i f i c a n t  r e a c t io n .  L ik e w ise , o n ly  one p rod u ct was form ed from  
th e  r e a c t io n  o f  hexam ethy1b en zen e , d e r iv e d  from  e x c lu s iv e  s id e - c h a in  
s u b s t i t u t io n  (C ). The In te r m e d ia te  s u b s t r a t e s ,  durene ( 1 , 2 , 4 , 5 - t e t r a -  
m eth ylb en zen e) and p en ta m eth y lb en zen e , gave r i s e  t o  a m ixtu re o f  
p ro d u c ts , d e r iv e d  from  a l l  t h r e e  r e a c t io n  ty p e s ,  (A ), (B) and (C ).
In 1984, Lau and K ochi53 re p o r ted  on an e x t e n s iv e  k in e t i c
ArH * Tl(OCOCF3) 3 > 1/2A r -A r
Ar'CH2-OCOCF3 <c>
D e sp ite  th e s e  a p p a r e n tly  d is p a r a te  pathw ays, ea c h  r e a c t io n
proceed ed  v ia  a it-com p lex  in te r m e d ia te ,  a s  in d ic a te d  by a t r a n s ie n t
y e llo w  c o lo u r . K in e t ic  s t u d ie s  were b ased  upon s p e c tr o p h o to m e tr ic  
m easurem ents o f  th e  d eca y  o f  th e  a s s o c ia t e d  c h a r g e - tr a n s fe r  bands, 
a s  th e  jr-com plexes c o l la p s e d  t o  p ro d u c ts . Q u a n t ita t iv e  m easurem ents
in d ic a te d  th a t  T1(OCOCFs)^^ was th e  s o l e  s p e c i e s  in v o lv e d  in  n -  
com plex fo rm a tio n , d e r iv e d  from  d i s s o c ia t i o n  o f  TTFA.
Tl(OCOCF3) 3 Tl(oCOCF3) 2+ + CF3C 0 2 2 .1 5
I t  was e s t a b l i s h e d  t h a t  K i, th e  d i s s o c ia t i o n  c o n s ta n t  f o r
eq u a tio n  2 .1 5 ,  was around IO-3,M, and th a t  th e  r e a c t io n s  o f  TTFA 
co u ld  be r e g u la te d  by th e  a d d it io n  o f  l i th iu m  t r i f lu o r o a c e t a t e .
Lau and K ochi53 q u e s t io n e d  R o b e r ts '52 d is m is s a l  o f  h i s  NMR s tu d y 5 0 ,
s u g g e s t in g  th a t  th e  d is c r e p a n c y  betw een th e  r a t e s  m easured by NMR 
and th o se  m easured s p e c tr o p h o to m e tr ic a l ly  was due t o  d i f f e r e n t i a l  
d is s o c ia t io n  a t  th e  c o n c e n t r a t io n s  in v o lv e d , r a th e r  th a n  im p u r it ie s  
in  th e  TTFA.
ESR s t u d ie s  showed t h a t  th e  p r o c e s s e s  le a d in g  t o  b ia r y l s
(B) and s id e - c h a in  s u b s t i t u t e d  p r o d u c ts  (C) in v o lv e d  r a d ic a l  c a t io n  
in te r m e d ia te s ,  w hereas no r a d ic a l  in te r m e d ia te s  were d e te c t e d  in  
th e  r e a c t io n  w ith  m e s ity le n e  (A ). The a u th o r s  made th e  p o in t  t h a t
th e  t h a l l i a t i o n  o f  s u b s t r a t e s  su ch  a s  durene p ro v id ed  a somewhat 
unusual exam ple o f  c ir c u m s ta n c e s  in  w hich com peting  e l e c t r o p h i l i c  
(2 e le c t r o n )  and e l e c t r o n - t r a n s f e r  <1 e le c t r o n )  p r o c e s s e s  o ccu rred
under th e  same e x p e r im e n ta l c o n d it io n s .  I t  was a l s o  n o ted  t h a t
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th e  se e m in g ly  v ery  d i f f e r e n t  p r o c e s s e s  (A) and <C) p roceed ed  a t  v er y  
s im i la r  r a t e s .
In a su b seq u en t p u b l ic a t io n ,  Lau and K ochi34 compared  
t h e i r  r e s u l t s  on t h a l l i a t i o n  w ith  th o s e  from  a p a r a l l e l  s tu d y  o f  
m e r c u r ia tio n , u s in g  th e  same s e r i e s  o f  s u b s t r a t e s .  T r a n s ie n t y e l lo w  
c o lo u r s  were a g a in  s e e n , a lth o u g h  th e  c o lo u r  was perm anent in  
th e  c a se  o f  hexam ethy1b en zen e. The p ro d u c ts  o b ta in e d  were q u it e  
d i f f e r e n t  in  th a t  o n ly  pathway (A) was in  o p e r a t io n . In o th e r  
words, th e  s o l e  p r o d u c ts  were n u c le a r  m ercu r ia ted  d e r iv a t iv e s  and 
no p ro d u c ts  d e r iv e d  from  r a d ic a l  c a t io n  in te r m e d ia te s  co u ld  be 
d e te c te d . S in c e  n u c le a r  m e r c u r ia tio n  I s  n o t p o s s ib le  in  th e  c a s e  
o f  h exam eth ylb en zene, th e  r e a c t io n  a p p a r e n tly  sto p p ed  a t  th e  ir- 
com plex s t a g e .
S p ec tr o p h o to m e tr ic  s t u d ie s  con firm ed  t h a t  d i s s o c ia t i o n  o f  
mercury ( I I )  t r i f lu o r o a c e t a t e ,  in  an a n a lo g o u s way t o  e q u a tio n  2 .1 5 ,  
was n o t in v o lv e d . The a d d it io n  o f  l i th iu m  t r i f lu o r o a c e t a t e  had no 
e f f e c t  on th e  r e a c t io n  r a t e s .  Thus th e  e l e c t r o p h i l e s  in  t h a l l i a t i o n  
and m e r c u r ia tio n  were shown t o  be TKOCOCFsJ^- and Hg (OCOCFs) 2 
r e s p e c t iv e ly ,  i s o s t r u c t u r a l  s p e c i e s  d i f f e r in g  o n ly  in  ch a rg e . Both  
m e t a l la t io n s  w ere shown t o  o ccu r  v ia  ir-com p lexes, but o n ly  in  th e  
c a s e  o f  t h a l l i a t i o n  were r a d ic a l  c a t io n s  shown t o  be in v o lv e d .  
M ercu r ia tio n  a p p ears t o  be a s tr a ig h tfo r w a r d  e l e c t r o p h i l i c  r e a c t io n  
but t h a l l i a t i o n  o f  e l e c t r o n - r ic h  s u b s t r a t e s  i s  c o m p lica te d  by 
com peting  e le c t r o n - t r a n s f e r  p r o c e s s e s  (e q u a tio n  2 .1 6 ) .
-9 5 ~
ArH + T l(0C 0C F 3) 2+ ^  [T l(oC O C F3) 2iA rH+;]  2 . 16
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The lo n - p a ir ,  tT1(OCOCFs)^,ArH**3, can  th e n  c o l la p s e  t o  a 
tf-com plex, le a d in g  t o  e l e c t r o p h i l i c  s u b s t i t u t io n ,  or can undergo  
d i f f u s i v e  s e p a r a t io n , a l lo w in g  fu r th e r  r e a c t io n s  o f  th e  r a d ic a l  
c a t io n .  T h is  model h as b een  u sed  t o  a cco u n t f o r  th e  o b s e r v a t io n  
th a t  th e  d i lu t io n  o f  TFA w ith  d ie t h y l  e th e r  su p p r e s se s  r a d ic a l  
r e a c t i o n s . 10 S o lv a t io n  by TFA i s  b e l ie v e d  t o  f a c i l i t a t e  th e  
s e p a r a t io n  o f  th e  io n - p a ir .
(a) T h a l l ia t io n  o f  S im p le  A ren es
T h allium  ( I I I )  t r i f lu o r o a c e t a t e  (TTFA) was o b ta in e d  from
A ld r ich . The compound was found t o  be v e r y  s e n s i t i v e  to  a i r  and
m o istu re . A p o r t io n  o f  th e  o f f - w h it e  powder tu rn ed  brown w ith in
seco n d s on exp osu re t o  a i r .  In  v iew  o f  t h i s ,  a l l  m a n ip u la tio n s
in v o lv in g  th e  compound w ere c a r r ie d  Dut i n  a g lo v e  bag (A ld r ic h
AtmosBag) under an atm osp h ere o f  dry n it r o g e n .
( i )  T oluene
M ixing eq u im olar (0 .1  H) s o l u t io n s  o f  to lu e n e  and TTFA In  
TFA r e s u l t e d  in  th e  im m ediate fo rm a tio n  o f  a w h ite  p r e c ip i t a t e ,
p - to ly l th a l l iu x a  b i s ( t r i f l u o r o a c e t a t e ) . T h is  was f i l t e r e d  o f f ,  washed  
w ith  a l i t t l e  d ich io ro m eth a n e  and th en  d r ie d  in  vacuo.
The 'H NMR sp ectru m  m s  reco rd ed  in  ds-DMSO s o lu t io n  and
matched p u b lish e d  e x a m p l e s . s e  C ou p lin g  c o n s ta n ts  <JTi - h )  w ere found  
t o  be 1014 Hz fo r  th e  orth o  p r o to n s  and 368 Hz fo r  th e  meta
p ro to n s . M cK illop e t  a l . 3 o b ta in e d  v a lu e s  o f  1025 and 376 Hz f o r
th e  same sy stem . They a l s o  found  th e  para-  m ethyl group s ig n a l
to  be s p l i t  by 66 Hz. Such a m easurement was n o t made from  th e
spectrum  shown in  F ig . 2 .3 ,  s in c e  t h i s  p a r t o f  th e  sp ectru m  would  
appear t o  be c o m p lica te d  by a d d it io n a l  s i g n a l s .  N e v e r th e le s s ,  th e  
d if f e r e n c e  in  s h i f t  b etw een  th e  two p eak s d o e s  seem  c o n s i s t e n t  
w ith  a s p l i t t i n g  o f  th e  o rd er  o f  60 Hz.
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2 .4  E x p e r im e n ta l
2 . 4 . 1  T h a l l i a t i o n  and  M e r c u r ia t io n  -  S im p le  P r e p a r a t iv e  Work
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F ig . 2 .3  : 1H NMR .Spectrum  o f  jo -T o ly lth a lliu m  B is  ( t r i f lu o r o a c e t a t e )  
in  de-DMSO S o lu t io n
( i i )  O ther M eth ylb en zenes
W hite p r e c ip i t a t e s  w ere a l s o  produced  when TTFA /  TFA was
m ixed w ith  TFA s o l u t io n s  o f  a -x y le n e ,  p -x y le n e  and n e s i t y l e n e .  The
1H NMR s p e c tr a  o f  t h e s e  p r o d u c ts  were e s s e n t i a l l y  a s  r e p o r te d  by
M cK illop e t  a l . &, a lth o u g h  c o n s id e r a b le  am ounts o f  im p u r it ie s  were
e v id e n t .
a s  a w h ite  powder. I t  was found t o  be s t a b l e  in  a i r  and th e  
c o n d it io n s  used  to  h a n d le  TTFA were n o t fou n d  t o  be n e c e s s a r y .
( i )  T oluene
The m e r c u r ia tio n  o f  to lu e n e  was c a r r ie d  ou t by ad d in g  a
sm a ll amount o f  to lu e n e  (0 . lg> t o  ca . 5m ls o f  a 0.5M s o lu t io n  o f
mercury ( I I )  t r i f  lu o r o a c e t a te  in  TFA. The m ix tu re  was s t i r r e d  fo r  
ca . 16 hours. The TFA was th en  c a u t io u s ly  removed by a s lo w  strea m  
o f  n it r o g e n  g a s . F ig . 2 .4  show s th e  ’ H NMR sp ectru m  o f  th e  crude  
product in  CDCI3 s o lu t io n  :
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(b )  M e r c u r ia t io n  o f  S im p le  A re n e s
M e rc u ry  ( I I > t r i f l u o r o a c e t a t e  was o b ta in e d  fro m  A ld r ic h
F ig . 2 .4  : ’H NMR Spectrum  o f  M ercu ria ted  T o lu en es  in  CDCI3
The p r ese n c e  o f  th r e e  d i s c r e t e  m ethyl s i g n a l s  a t  around
2 .2  ppm i s  c l e a r l y  an in d ic a t io n  o f  th r e e  d i f f e r e n t  p ro d u c ts  b e in g  
p r e s e n t . When th e  m ethyl s i g n a l s  were g iv e n  an a r b itr a r y  in t e g r a l  
o f  3 , th e  in t e g r a l  o f  th e  a ro m a tic  r e g io n  was found t o  be 3 .8 ,  
in d ic a t in g  a t  l e a s t  one m e r c u r ia t io n  p er  to lu e n e  m o lec u le .
Io d a d em ercu r ia tio n  was perform ed u s in g  a method s im i la r  to  
th a t  em ployed by Deacon and F arq u ah arson .24 The m e rcu r ia ted  to lu e n e  
was s t i r r e d  in  DMF f o r  s e v e r a l  d ays w ith  e x c e s s  p o ta ss iu m  io d id e  
and io d in e .  The p r o d u c ts  were u l t im a t e ly  o b ta in e d  by p o u r in g  th e  
r e a c t io n  m ix tu re in t o  a  s t i r r e d  s o lu t io n  o f  sodium  m e ta b is u lp h ite  
c o n ta in in g  some ch lo ro fo rm . The la y e r s  were se p a r a te d  and m ercu ric  
io n s  were p r e c ip i t a t e d  from  th e  aqueous p o r t io n  by tr ea tm e n t w ith  
sodium  s u lp h id e . The aq u eou s s o lu t io n  was e x t r a c t e d  w ith  fu r th e r
p o r t io n s  o f  ch lo ro fo rm  and com bined ch lo ro fo rm  e x t r a c t s  were washed  
o f  DMF u s in g  la r g e  am ounts o f  w a ter . E v a p o ra tio n  o f  th e  d r ie d
e x t r a c t s  a ffo r d e d  a m ix tu re  o f  io d o to lu e n e s ,  th e  BMR sp ectru m  o f
which i s  shown in  F ig . 2 .5  :
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F ig . 2 .5  : ’ H AMR Spectrum  (A rom atic R eg ion ) o f  I o d o to lu e n e s  O btained  
from  D em ercu r ia tio n  o f  M ercu ria ted  T o lu en es
I n te g r a t io n  o f  th e  sp ectru m  reprodu ced  in  F ig , 2 .5  r e s u l t e d  
in  an e s t im a te d  iso m er d i s t r i b u t i o n  o f  35% ortho, 15% meta and 50% 
para-1o d o to lu e n e .
A p o r t io n  o f  a n i s o l e  (O .lg )  was added t o  a s o lu t io n  o f  
m ercury ( I I )  t r i f lu o r o a c e t a t e  in  TFA (5m ls, c a . 0 .5M ), and th e  m ix tu re  
was l e f t  o v e r n ig h t . The v o l a t i l e s  were th e n  rem oved by a s lo w  
stream  o f  n it r o g e n  g a s , t o  le a v e  a s o l i d  w ith  a s l i g h t  p u rp le  
c o lo u r a t io n . A p o r t io n  o f  th e  cru d e r e s id u e  was ta k en  up in  CDC13 
and th e  ’ H NMR sp ectru m  was r e co rd ed  (F ig . 2 .6 )  :
-101-
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F ig . 2 .6  : 1H NMR Spectrum  o f  M ercu ria ted  A n is o le s  in  CDCls
The m e rcu r ia ted  a n i s o l e  was f i r s t  washed o f  e x c e s s  m ercury
( I I )  t r i f lu o r o a c e t a t e .  I t  was th e n  t r e a t e d  w ith  e x c e s s  io d in e  and  
p o ta ss iu m  io d id e  in  DKF, in  a s im i la r  manner t o  th e  m e rcu r ia ted  
to lu e n e  d e sc r ib e d  above. A f te r  c a . 3 d a y s, c h lo ro fo r m  e x t r a c t io n  was 
c a r r ie d  ou t a s  b e fo r e . E v a p o ra tio n  o f  th e  d r ie d  e x t r a c t s  a ffo r d e d
a m ix tu re  o f  io d o a n is o le s ,  a s  i s  e v id e n t  from  th e  sp ectru m  shown 
in  F ig . 2 .7 .  I n te g r a t io n  o f  th e  a p p r o p r ia te  p ea k s r e s u l t e d  i n  an
e s t im a te d  isom er d i s t r ib u t io n  o f  7 5 -8 0  % o - io d o a n is o le  and 20-25%  
p - io d o a n is o le .
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F ig . 2 .7  : *H NMR Spectrum  (A rom atic R eg ion ) o f  I o d o a n is o le s  O btained  
from  D em ercu r ia tio n  o f  M ercu ria ted  A n is o le s
( i l l )  Chi orobenzene
A p o r t io n  o f  c h lo ro b en zen e  (0 .1 5 g )  was added t o  a 0 ,2 6  M 
s o lu t io n  o f  m ercury ( I I )  t r i f lu o r o a c e t a t e  in  TFA (ca . 10 m is ) .  The 
m ixture was a llo w e d  t o  s ta n d  f o r  72 h ou rs a t  room te n p e r a tu r e .  
E x cess  p o ta ss iu m  io d id e  was th en  added to  p r e c ip i t a t e  c h lo r o p h e n y l-  
mercury ( I I )  io d id e s .  The w h ite  s o l i d  was f i l t e r e d  o f f  and washed  
w ith  d lch lo ro m eth a n e . A f t e r  d r y in g , i t  was t r e a t e d  w ith  a  s o lu t io n  
o f  io d in e  in  ch lo ro fo rm . A fte r  s i x  h ou rs o f  s t i r r i n g ,  e x c e s s  io d in e  
was removed by tr e a tm e n t w ith  aq ueous sodium  m e ta b is u lp h ite .  The 
ch lo ro fo rm  s o lu t io n  was washed w ith  w ater  and th en  d r ie d  o v er  
anhydrous sodium  s u lp h a te .  E v a p o ra tio n  o f  th e  s o lv e n t  a ffo r d e d  a 
y e llo w  p a s te .  T h is  was ta k e n  up in  CDCla and th e  1H MHR sp ectru m  
was reco rd ed . The o n ly  s i g n i f i c a n t  p rod u ct was p -ch lo ro io d o b e n z en e ;  
o n ly  a t r a c e  o f  th e  o - iso m e r  was d e te c te d .
2 .4 .2  NMR S tu d ie s  o f  A rom atic T h a l l ia t io n  and M ercu r ia tio n  
(a) ’ H NMR
I n i t i a l  k in e t i c  e x p e r im e n ts  were a ttem p ted  u s in g  1 H NMR
sp e c tr o sc o p y  t o  m on itor r e a c t io n s .  S e v e r a l a tte m p ts  were made to  
r e p e a t  R ob erts*50  ex p er im en t o f  f o l lo w in g  th e  t h a l l i a t i o n  o f  to lu e n e
by NMR. For t h i s  p urpose an NMR j o b f i l e  was set; up t o  re co rd  a 
s e r i e s  o f  * H s p e c tr a  in  d-TFA s o l u t io n  a t  s p e c i f i e d  in t e r v a l s .  
S o lu t io n s  o f  to lu e n e  and TTFA were p rep ared  in  d-TFA, and th en  
eq u lm olar q u a n t i t i e s  w ere m ixed in  NMR tu b e s . S p e c tr a  were re co rd ed  
a s  so o n  a s  p o s s ib le  a f t e r  m ix in g . At c o n c e n tr a t io n s  in  e x c e s s  o f  
0 . IN, p r e c ip i t a t io n  o f  th e  p ro d u ct t o l y l t h a l l i u m  b i s ( t r i f l u o r o a c e t a t e )  
occu rred . At low er c o n c e n t r a t io n s ,  th e  c h a r a c t e r i s t i c  p a tte r n  o f  meta 
and orth o  303 , 305^1-11 c o u p lin g  d ev e lo p ed , a s  d e p ic te d  in  F ig  2 .3 .
R ob erts m on itored  th e  r e a c t io n  w ith  to lu e n e  o v er  a p e r io d  
o f  40 m in u tes . In an a ttem p t t o  r e p e a t  t h i s  ex p er im en t, t e n  s p e c tr a
were reco rd ed  a t  i n t e r v a l s  o f  5 m in u tes . On exam in in g th e  r e s u l t s  
i t  was found th a t  o n ly  th e  f i r s t  two s p e c t r a  w ere in  any way
d i f f e r e n t .  E q u ilib r iu m  had a p p a r e n tly  been rea ch ed  w ith in  10 m in u tes  
s o  th a t  s p e c t r a  numbers 3 - 1 0  were e s s e n t i a l l y  i d e n t i c a l .
The t h a l l i a t i o n  o f  a n i s o l e  in  d-TFA was a l s o  s tu d ie d  by 
1H NMR, a l b e i t  o n ly  q u a l i t a t i v e l y .  On m ixing  th e  r e a g e n ts  a s e t  o f  
fo u r  s i g n a l s  a t  £ = 9 .0 ,  7 .6 ,  6 .5  and 5 .7  ppm appeared , s im i la r  t o  
th o s e  s e e n  w ith  to lu e n e .  However, o v er  a p e r io d  o f  48 h o u rs, th e  
p a tte r n  became much more com plex, c o n s i s t e n t  w ith  th e  o b s e r v a t io n  
th a t  a r t h o - t h a l l i a t e d  a n i s o l e  a cc u m u la te s  o v er  lo n g  p e r io d s .56
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sam ple o f  low  a c t i v i t y  3H -to lu e n e  which had been  t r i t i a t e d  in  a l l
r in g  p o s i t io n s .  A 3H NKR sp ectru m  in  d-TFA s o lu t io n  showed th r e e  
we11-r e s o lv e d  s i g n a l s  from  th e  th r e e  r in g  p o s i t io n s .  When m ercury  
<11) or th a l l iu m  <111) t r i f l u o r o a c e t a t e  was added, a sh arp  d e c r e a se  
in  th e  s i g n a l - t o - n o i s e  r a t i o  was o b serv ed , c o n s i s t e n t  w ith  r a p id  
m e t a l lo d e t r i t i a t io n .  The r e l a t i v e  i n t e g r a l s  o f  th e  th r e e  s i g n a l s  
rem ained a p p ro x im a te ly  c o n s ta n t ,  s u g g e s t in g  d e t r i t i a t i o n  a t  a l l  r in g  
p o s i t io n s  a t  s im i la r  r a t e s .  No new 3H s i g n a l s  appeared  in  th e
s p e c tr a , even  when th e  s p e c t r a l  window was in c r e a s e d  to  co v er  
s h i f t s  o f  15 ppm. A broad  3 H-TFA s ig n a l  had been  e x p e c te d .
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<b> 3 H m s.
I n i t i a l  e x p e r im e n ts  i n  t h i s  a r e a  w ere  c a r r ie d  o u t  u s in g  a
F ig . 2 .8  : Exam ples o f  3 H NMR S p e c tr a  o f  L o w -A c tiv ity  T oluene;
(a ) B e fo r e , and Cb) A fte r  th e  A d d it io n  o f  HgCQCOCFs)^
L i t t l e  u s e fu l  in fo r m a tio n  co u ld  be g le a n e d  from  th e  above  
ex p er im en ts  w ith  lo w - a c t i v i t y  [ 3 H I -to lu e n e . The n e x t approach was t o  
employ s p e c i f i c a l l y - l a b e l l e d  to lu e n e  d x  h ig h  s p e c i f i c  a c t i v i t y ,  s o  
th a t  3H NMR s i g n a l s  c o u ld  be o b ta in e d  w ith in  a m atter  o f  m in u tes .
C a t a ly t ic  D eh a lo g en a tio n  o f  4 -B rom ato lu en e :
High s p e c i f i c  a c t i v i t y  C4—3H I-to lu e n e  was prep ared  by th e  
c a t a l y t i c  t r i t iD d e h a lo g e n a t io n  o f  4 -b ro m o to lu en e  u s in g  t r i t iu m  g a s .
A m ix tu re o f  4 -b ro m o to lu en e <45mg), 5%. p a lla d iu m  on c h a rc o a l (50mg) 
and tr ie th y la m in e  (0 .3 m ls )  was s t i r r e d  under t r i t iu m  g a s  (2C i, 0 .8cm 3 ) 
fo r  3& h o u rs. The m ix tu re  was th e n  l e f t  o v e r n ig h t in  th e  p r ese n c e  
o f  e x c e s s  hydrogen t o  en su re  co m p le te  d e h a lo g e n a t io n . The r e a c t io n  
m ixtu re was th en  ta k en  up in  d ie t h y l  e th e r  (5m ls) and th e  c a t a ly s t  
was removed by f i l t r a t i o n .  The e th e r  s o lu t io n  was th en  washed w ith  
2M h y d r o c h lo r ic  a c id  (2 x 2mls> and w ater (2 x 2 m ls ) , th en  d r ie d  o v er  
anhydrous magnesium s u lp h a te .
- The e th e r  s o l u t io n  was found t o  c o n ta in  around 700mCi. 
S in c e  th e  maximum amount o f  to lu e n e  r e c o v e r a b le  was 22mg, th e  
minimum s p e c i f i c  a c t i v i t y  was 2 .8  Ci/mmol.
NHR E xperim en ts :
A 0 .5m l p o r t io n  o f  th e  a fo r em e n tio n ed  e th e r  s o lu t io n  was 
ev a p o ra ted  and th e  r e s id u e  was ta k en  up in  2 0 0 p l o f  d-TFA. A 3H 
ME s ig n a l  w ith  ad eq u ate  s i g n a l - t o - n o i s e  c o u ld  be o b ta in e d  w ith in
2 - 3  m in u tes  (F ig . 2 .9  ( a ) ) .  A d d it io n  o f  m ercury ( I I )  t r i f lu o r o a c e t a t e  
t o  t h i s  s o lu t io n  ca u sed  a marked d e c r e a s e  in  s i g n a l - t o - n o i s e ,  but 
even  w ith  70mCi p r e s e n t  in  an M E tu b e , no s ig n a l  from  [ 3H]-TFA
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appeared . C le a r ly , a s ta n d a rd  was r e q u ir e d  t o  e n a b le  th e  r a t e  o f  
l a s s  o f  t r i t iu m  from  th e  to lu e n e  t o  be m easured. In ord er to
p r e se r v e  th e  s i m p l i c i t y  o f  th e  sy stem , an e x te r n a l  sta n d a rd  was
so u g h t r a th e r  th an  an in t e r n a l  one.
A s e a le d  c a p i l l a r y  was p rep ared  c o n ta in in g  20mCi o f  5C i/m l
t r i t i a t e d  w ater. A t r i t i a t e d  a p r o t ic  s o lv e n t  ( e .g .  DISSO) would have 
been p r e fe r a b le  a s  a s ta n d a rd , b u t th e  s p e c i f i c  a c t i v i t y  r e q u ir e d  
made t h i s  im p r a c t ic a l .  The w a te r -c o n ta in in g  c a p i l la r y  was in s e r t e d  
in t o  a T e flo n  NKR tu b e  and h e ld  c e n t r a l ly  by tw o T e flo n  r in g s .
The tu b e  was th en  f i l l e d  w ith  a s u i t a b l e  amount o f  [ 4 - 3H3 - t o lu e n e
in  d-TFA and s p e c tr a  w ere accu m u la ted . U n fo r tu n a te ly , i t  was found  
th a t  a  sh arp  3H s ig n a l  c o u ld  n o t  be o b ta in e d  from  b oth  com ponents
s im u lta n e o u s ly . The in c lu s io n  o f  th e  c a p i l la r y  cau sed  th e  s i n g l e  
sh arp  l i n e  from  th e  to lu e n e  t o  become a broad, i n d e f i n i t e  f e a tu r e .  
When th e  sp e c tro m eter  was tu n ed  t o  g iv e  a re a so n a b ly  good s ig n a l  
from  th e  to lu e n e ,  th e  w a ter  s ig n a l  became broad (F ig . 2 .9  ( b ) ) .
From t h e s e  f in d in g s ,  i t  was co n c lu d ed  t h a t  an in t e r n a l
sta n d a rd  was n e c e s s a r y . T r i t ia t e d  d ich lo ro m eth a n e  would have been  
d e s ir a b le ,  but l a b e l l i n g  o f  t h i s  s o lv e n t  i s  by no means t r i v i a l .  
I n s te a d , ch lo ro fo rm  was ch o sen  b eca u se  o f  th e  e a se  w ith  w hich i t  
can be t r i t i a t e d  v ia  b a s e - c a t a ly s e d  exchan ge. T h is  was c a r r ie d  o u t  
by s t i r r i n g  d -ch lo ro fo rm  (1m l>, d io x a n  (0 .5 m l) and t r i t i a t e d  w ater  
(5jlL,2 0 C i/m l) f o r  28 h o u rs i n  th e  p rese n c e  o f  a KOH p e l l e t .  In  
t h i s  manner, 13mCi was in c o r p o r a te d  in t o  th e  ch lo ro fo rm . T h is  was 
m ixed w ith  a s o lu t io n  o f  1 4 -3 H3 - t o lu e n e  in  d-TFA and th e  3 H 
sp ectru m  was re co rd ed . O nly one s ig n a l  was o b serv ed , s u g g e s t in g  th a t
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th e  to lu e n e  were n o n - r e s o lv a b le  <Fig. 2 .9  <c)>.
D e sp ite  t h i s  s e t  back , s e v e r a l  ex p er im en ts  were c a r r ie d  ou t
in  w hich m ercury <II) t r i f lu o r o a c e t a t e  was added t o  such m ix tu re s .
F ig . 2 .9  <d> show s an exam ple i n  which a m inor 3 H s ig n a l  appeared
a t  £ = 6 .8 8  ppm. However, th e  sp ectru m  d id  n o t d ev e lo p  fu r th e r ,  and
so  th e  u lt im a te  aim  o f  th e  work, t o  m on itor th e  p r o g r e s s  o f  th e
r e a c t io n  over 10 or more s p e c t r a ,  was n o t a c h ie v e d .
F u rth er  work in  t h i s  a rea  was n ot p erm itted  b eca u se  o f
problem s en co u n tered  in  th e  d is p o s a l  o f  w aste  c o n ta in in g  b oth  
t r i t iu m  and th a ll iu m .
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th e  re s o n a n c e s  fr o m  th e  l a b e l l e d  c h lo r o fo r m  a n d  th e  4 - p o s i t i o n  o f
F ig . 2 .9  : Exam ples o f  3 H S p e c tr a  O btained w ith  High S p e c i f i c  
A c t iv i t y  [ 4 - 3H 3-T oluene :
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(a) 3 H HHR Spectrum  o f  C 4-=»H3 -T o lu e n e  in  tf-TFA ( l e s s  th an  3 m in u tes  
a ccu m u la tio n )
,,,
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<c> 3H HKR Spectrum  o f  C 4 - 3H3 -T oluene/C  3H] -C h loroform  in  CDCI3
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<d> 3H BMR Spectrum  o f  [ 4 - 3 H 3-T oluene/C 3H 3-Chloroform  in  CDC13 , A fte r  
th e  A d d itio n  o f  Mercury ( I I )  T r i f lu o r o a c e ta te
On m ixing TFA s o l u t io n s  o f  a ren es  and th a l l iu m  ( I I I )  or  
mercury ( I I )  t r i f lu o r o a c e t a t e s ,  a y e l lo w  c o lo u r  a p p ea rs which th en  
fa d e s  o v er  a p e r io d  o f  m in u tes . T h is  i s  due t o  th e  fo rm a tio n  o f
an in te r m e d ia te  x -co ia p lex , R o b erts  e t  a l . 5-2 and Lau and K ochi54 
have c a r r ie d  o u t q u a n t i t a t iv e  s p e c t r o s c o p ic  s t u d ie s  o f  th e  d ecay  
o f  su ch  t r a n s ie n t  s p e c i e s ,  which a re  d e s c r ib e d  in  some d e t a i l  in  
S e c t io n  2 .3 .  A fe a tu r e  o f  Lau and K o c h i's  work i s  th e  d eg ree  o f  
s o p h i s t i c a t io n  o f  t h e i r  a p p a ra tu s  and th e  s t r in g e n t  p r e c a u t io n s  
th e y  to o k  t o  p r o te c t  r e a c t io n s  from  a ir  and m o istu re . I t  was n o t
p r a c t ic a b le  t o  im pose su ch  r ig o r o u s  p r e c a u t io n s  d u r in g  th e  c o u rse  
o f  t h i s  s tu d y , b ut i t  was n e v e r t h e le s s  d e c id e d  t o  ca rry  ou t a 
l im it e d  in v e s t i g a t i o n  w ith  more m odest a p p a ra tu s.
TFA was f i r s t  p u r i f i e d  by d i s t i l l a t i o n  from  phosphorus (V) 
o x id e . A m id dle c u t ,  b .p t .  73*C, was c o l l e c t e d .  S to ck  s o lu t io n s  o f  
th a l l iu m  ( I I I )  and m ercury ( I I )  t r i f lu o r o a c e t a t e s  in  TFA w ere th en  
p rep ared  by d is p e n s in g  th e  compounds in t o  v o lu m e tr ic  f l a s k s  under  
n itr o g e n  in  a g lo v e  bag. S to ck  s o lu t io n s  o f  a r o m a tic s  w ere a l s o
p rep ared  in  TFA, g e n e r a l ly  a t  t e n  t im e s  th e  c o n c e n tr a t io n  o f  th e  
m e ta l la t in g  a g e n t. T h is  a llo w e d  a s im p le  e x p er im en ta l p rocedu re to  
be ad apted  in  which 0 .1  ml o f  a ren e  s o lu t io n  was added t o  1ml
o f  th a l l iu m  ( I I I )  or  m ercury ( I I )  s o lu t io n  in  a 5mm U.V. c e l l ,  t o  
g iv e  an eq u im olar m ix tu re  o f  th e  two r e a c ta n t s .  The m ix tu re was
r a p id ly  shaken  and th e n  th e  autom ated c o l l e c t i o n  o f  a b so rb a n ces  a t
a f i x e d  -wavelength a t  tim ed  i n t e r v a l s  was i n i t i a t e d .
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2 . 4 . 3  S p e c tro s c o p ic  S tu d ie s  o f  IT-Com plex D ecay
i n t e r v a l s  o f  2 - 5  se c o n d s  w ere u sed  t o  o b ta in  16 m easurem ents.
M ix tu res  w ere th en  l e f t  f o r  30 -  60 m in u tes  i n  ord er  t o  o b ta in
an " in f in i t y "  ab sorb an ce r e a d in g . T h is  I n f i n i t y  v a lu e , A», was th e n
s u b tr a c te d  from  th e  m easured a b so rb a n ces, A, and In  (A -  A<®> was
p lo t t e d  a g a in s t  t im e . L in ea r  f i r s t  ord er  p l o t s  were o b ta in e d  in
most c a s e s .
(a) T h a l l ia t io n
E xperim en ts o f  t h i s  n a tu re  were f i r s t  c a r r ie d  o u t u s in g
m~ and p -x y le n e s .  The f i r s t  s t e p  was t o  l o c a t e  th e  p o s i t io n  o f
th e  ab sorb ance m axim  o f  th e  x -c o m p le x es  w ith  TTFA. T hese were
found a t  326nm and 311nm f o r  m- and p -x y le n e  r e s p e c t iv e ly ,  in  
agreem ent w ith  th e  r e s u l t s  o f  Lau and K o c h i.54
E x p lo ra to ry  e x p e r im e n ts  were co n d u cted  w ith  m -xy len e . M ixing  
eq u im olar amou n ts  o f  t h i s  s u b s tr a te  and TTFA r e s u l t e d  in  a s e r i e s
o f  a b so rb a n ces , y i e ld in g  a v e r y  good l in e a r  p lo t  o f  In  (A -  A=.) vs.
tim e . However, r e p r o d u c ib i l i t y  betw een ex p er im en ts  was v ery  p oor, and
i t  was soon  r e a l i s e d  t h a t  TTFA s to c k  s o l u t io n s  had a v er y  s h o r t
s h e l f - l i f e .  In f a c t ,  su ch  s o l u t io n s ,  even  i f  t i g h t l y  s to p p e r e d , became 
c o m p le te ly  i n e f f e c t i v e  when s to r e d  o v e r n ig h t .
In fu r th e r  e x p e r im e n ts , i t  was found t h a t  th e  u se  o f
e x c e s s  TTFA r e s u l t e d  in  cu rv ed  p lo t s .  When r e a c t io n s  were a ttem p ted
in  1 : 1  TFA -  AcOH, no x -co m p lex  a b so r p tio n  c o u ld  be d e te c te d .
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R e a c t io n s  w ere g e n e r a l l y  c o m p le te  w i t h in  tw o  m in u te s  and
T able 2 .1  shows a  sam ple o f  r e s u l t s  from  i n i t i a l  s t u d ie s  
on th e  r e a c t io n  o f  TTFA w ith  p -  and m -x y len es . The m -xylene -  TTFA 
jr-com plex i s  se e n  t o  d eca y  ca. 3 t im e s  f a s t e r  th an  th e  p -x y le n e -  
TTFA com plex.
T able 2 .1  : R a tes  
(i>  j^-Xylene -  
C p -X y len e l /Jf
9 .0  x 10-®
9 .0  x 10~3
( i i ) '  m -Xylene -  
[ m -Xylene3/H
9 . 0  x  1 0 - ®
9 . 0  x  1 0 ~ 3
(b) M ercu r ia tio n
E xperim ents a n a lo g o u s  t o  th o s e  d e s c r ib e d  in  p a r t (a ) above  
were perform ed u s in g  m ercury ( I I )  t r i f lu o r o a c e t a t e .  In  e x p lo r a to r y  
ex p er im en ts , i t  was found th a t  s te a d y  " in f in i t y "  a b so rb a n ces  were
n o t o b ta in e d  i f  e x c e s s  m ercury s a l t  was u sed . T h is  e f f e c t  seem s
most l i k e l y  t o  t o  a t t r ib u t a b le  tD  p o ly m e r c u r ia tio n .
The r e s u l t s  w ith  p -x y le n e  (T ab le 2 .2  ( i ) )  seem  t o  in d ic a t e
th a t  th e  r a t e  o f  m-com plex d ecay  i s  in d ep en d en t o f  th e  reactan t;  
c o n c e n tr a t io n s .  T h is  i s  c o n s i s t e n t  w ith  th e  r a p id  fo rm a tio n  o f  an  
in te r m e d ia te  com plex which th e n  d ec a y s  more s lo w ly .
-111-
o f  X ylen e -  TTFA jr-Complex Decay, 25 "C 
X = 311nm
[TTFAI/M k / s - 1
9 .0  x 10“ 3 0 .0 3 4
9 .0  x 10” 3 0 .0 3 3
X = 326nm
ITTFAI m
9 .0  x 10~3
9 .0  x 10~3
k / s -1 
0. 087  
0 .1 0 7
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T able 2 .2  : R a te s  o f  X ylen e -  Mercury ( I I )  T r if lu o r o a c e ta te  Jr-Complex 
D ecay, 2 5 *C
(1) jH X ylene -  X 
[p -X y le n e ] /K  
0 .0 2 7  
0. 05 
0 .0 5
310nm
[ Hg(OCOCF3 > 3 ] /M 
0 .0 2 7  
0 . 01 
0. 005
k / s -1 
0. 019  
0. 023 
0. 022
(11) m -Xylene -  X 
[ m -X ylene]/H  
0 .0 6  
0 .0 6  
0 .0 6  
0 .0 6
320nm
t Hg(OCOCF3 ) 3 ] /M 
0 . 006 
0. 006 
0. 012 
0 .0 1 2
k / s -1  
0 .1 9 5  
0. 196 
0 .2 3 3  
0 .2 1 5
E xperim ents w ith  m -xylene (T ab le  2 .2  ( i i ) )  g en er a ted  r a te  
c o n s ta n ts  an ord er o f  m agnitude g r e a te r  th a n  th o s e  o b ta in e d  w ith  
p -x y le n e . T hese r e l a t i v e  r a t e s  compare fa v o u r a b ly  w ith  th e  r e l a t i v e  
r e a c t i v i t i e s  e s t im a te d  by Lau and K ochi5 4 , which were 360 and 41 
f o r  th e  two compounds, com pared t o  1 f o r  ben zen e.
C hlorobensene
On m ixing TFA s o l u t io n s  o f  m ercury ( I I > t r i f lu o r o a c e t a t e  and 
ch lo ro b en zen e  a sm a ll but m easurab le ab sorb an ce  appeared  a t  around  
320nm in  th e  UV sp ectru m , se e m in g ly  r e p r e s e n t in g  a  low , e q u il ib r iu m  
c o n c e n tr a t io n  o f  a  x -co m p lex . The ab sorb ance a t  t h i s  w a v e len g th  was 
measured a t  i n t e r v a l s  o v er  a p e r io d  o f  30 m in u tes  and a l in e a r  
p lo t  o f  In(A  -  A®) a g a in s t  t  was o b ta in e d .
T able 2 .3  : R ate o f  D ecay o f  A bsorbance a t  320nm from  C hlorobenzene  
-  Mercury ( I I )  T r i f lu o r o a c e ta te  M ixture; 2 5 *C.
Ich lo ro b en zen e]/M  [ Hg(0C0CF3 ) 2 3/3€ k / s " 1
- 1 1 3 -
0. O il 0. O il 1 .1 1  x lO"3
The rep la cem en t o f  an a ro m a tic  p ro to n  by th a l l iu m  or  
m ercury in  th e  m e ta l la t io n  p r o c e s s  p r e s e n t s  th e  p o s s i b i l i t y  o f  
m easuring  r a t e s  o f  r e a c t io n  by a d e t r i t i a t i o n  method.
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2 . 4 . 4  D e t r i t i a t i o n  E x p e r im e n ts
R
Hg(OCOCF3) 2 -----► C F,COOT 2 .1 7
HgOCOCF3
The UV ex p er im en ts  d e s c r ib e d  i n  S e c t io n  2 . 4 .3  in d ic a t e d
th a t  th e  m e ta l la t io n  o f  compounds su ch  a s  to lu e n e  and x y le n e  i s
f a s t  and th e r e fo r e  n o t am enable t o  th e  d e t r i t i a t i o n  te c h n iq u e . In
v iew  o f  t h i s ,  i n i t i a l  e x p er im en ts  i n  t h i s  a r e a  w ere c a r r ie d  o u t
u s in g  ch lo ro b en zen e , on th e  a ssu m p tio n  th a t  t h i s  w ould r e a c t  much
more s lo w ly .  The m easurement o f  th e  d eca y  o f  i t s  jr-com plex w ith
m ercury ( I I )  t r i f lu o r o a c e t a t e  was c o n s i s t e n t  w ith  t h i s  p o in t  o f
v iew . C h lorobenzene was a l s o  ch o sen  b eca u se  sau qjles o f  s p e c i f i c a l l y
la b e l l e d  C2-3,H I-I and [ 4 - 3H 3-ch lo ro b en zen e  w ere a v a i la b le  in
th e  r a d io c h e m is tr y  la b o r a to r y .*
The p roced u re ad op ted  w as a s  f o l lo w s .  Mercury ( I I )  t r i f l u o r o -  
a c e t a t e  was w eighed  in t o  a v o lu m e tr ic  f l a s k  and th e n  made up
w ith  TFA t o  g iv e  a  s o lu t io n  o f  0 .1  -  0 .2  M. T h is  s o lu t io n  was 
th e n  th e r m o sta tte d  a t  25 *C. A d r o p le t  o f  t r i t i a t e d  s u b s tr a te  was
added, sm a ll enough t o  g iv e  p seu do  f i r s t  ord er  c o n d it io n s ,  A l iq u o ts
«  — T h i s s s  w a r a  p r - a p a r a d  b y  D r ' .  JT . R  . B r o w a r
were removed a t  tim ed  I n t e r v a l s  and p ip e t t e d  I n to  t e s t  tu b e s
c o n ta in in g  10 m is o f  aq ueous sodium  h y d ro x id e  s o lu t io n  and 10 m is  
o f  to lu e n e  b ased  s c i n t i l l a t o r  < 3 .4g  dm-3  PPO). A fte r  v ig o u r o u s  sh a k in g  
th e  la y e r s  were a llo w e d  t o  s e p a r a te . Most o f  th e  to lu e n e  la y e r
was th en  p ip e t t e d  o f f  and d r ie d  o v er  anhydrous sodium  s u lp h a te .
The e x t r a c t  was th en  a s s a y e d  f o r  t r i t iu m  by means o f  a Beckmann
LS-100 l iq u id  s c i n t i l l a t i o n  c o u n te r .
Counts were s e e n  bo d e c r e a se  w ith  ea ch  s u c c e s s iv e  e x t r a c t ,  
alth ou gh , th e  r e s u l t s  were f a r  from  p e r f e c t .  Anomalous c o u n ts  were 
q u ite  common, and la r g e  " in f in i t y "  c o u n ts  had t o  be s u b tr a c te d  
from th e  m easured c o u n ts  in  ord er  t o  o b ta in  a l in e a r  In  <DPM> vs. 
tim e p lo t .
D e sp ite  t h e s e  p o t e n t ia l  s o u r c e s  o f  e r r o r , a  r e a so n a b ly  h ig h  
p ercen ta g e  o f  ex p er im en ts  le d  t o  a c c e p ta b le  l i n e a r  p lo t s ,  and th e  
r e s u l t s  d e r iv e d  from  th e s e  a re  l i s t e d  in  T a b le s  2 .4  -  2 .1 1 .  A ll  
ex p er im en ts  were co n d u cted  a t  25 ± 0 .1  °C.
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Table 2 .4  : R e s u lt s  o f  D e t r i t i a t i o n s  
[ Hg(QCOCF3 ) A /H  
0 .1 0 9  
0 .1 4 5  
0 .1 4 5  
0 .1 4 5  
0 .1 5 2
o f  1 4 -3 H l-C h lorob en zen e in  TFA 
k ^ /M -^ s-1 
3 .1 8  x 1 0 -4 
3 .4 9  x 1 0 -4 t 
3 .7 2  x 10“ 4 t t  
3 .1 7  x 1 0 -4 
3 .6 5  x 10~4
k / s ~ ’ 
3 .4 7  x 10“s  
5 .0 5  x 10~B 
5 .3 9  x 10~B 
4 .5 9  x 10~e 
5 .5 5  x 10"E
1 -  w ith  C2-3 H ]-ch lo ro b en zen e ; t t  -  w ith  C3-3H 3 -ch lo ro b en zen e .
T able 2 .5  j R e s u lt s  o f  
[ Eg(OCOCFs > /M 
0. 122 
0. 179 
0 .2 2 0  
0 .2 3 1
T able 2 .6  : R e s u lt s  o f  
E%(QC0CF3 )23/M  
0. 081 
0. 097 
0 .1 1 6  
0. 118 
0 .2 5 6  
0 .7 8 6
T able 2 .7  i R e s u lt s  o f  
[ Hg(OCOCFs)3 ] /S  
0. 114 
0 .1 1 4
T able 2 .8  : R e s u lt s  o f  
[ Hg(OCOCFs)3 ] /M 
0. 120 
0. 151
D e t r i t i a t i o n  o f  C4-3H1
k / s ” 1
4 .2 7  x 10~3 
5 .7 6  x 10- 3 
7 .4 5  x 10- 3 
7 .6 6  x 10~3
D e t r i t i a t i o n  o f  C2-3 H3
k / s -1
3 .2 9  x 10~4 
3 .9 5  x 10~4 
4 .4 2  x 10 -4
4 .2 9  x IQ” 4
8 .3 7  x 10“ 4
8 .3 8  x 10” 4
D e t r i t i a t i o n  o f  [ 4 - 3H3
k / s - 1 
1 .8 2  x 10 -3 
2 .3 1  x 10 -3
D e t r i t i a t i o n  o f  [ 2 - 3H]
k / s -1 
1 . 2 1  x 10” 4 
1 .5 2  x 10 "4
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A n is o le  in  TFA 
ks/M” 1s  1 
0. 035  
0. 032 
0. 034  
0. 033
-A n iso le  in  TFA 
W M -’ s ” 1
4 .0 6  x 10- 3
4 .0 7  x 10” 3 
3 .8 1  x 10“ 3 
3 .6 4  x 10” 3
3 .2 7  x 10“ 3
(1 .0 7  x 10”3 )
-Toluene in  TFA 
k s / r ’ s - 1 
0 .0 1 6  
0 .0 2 1
-Bromobenzene in  TFA 
k s/M -’ s ” 1
1.0  x 10~3
1 .0  x 10~3
T able 2 .9  : R e s u lt s  o f  D e t r i t i a t i o n  o f  [ 4 - 3 H ]-A n is o le  in  
D ich lorom ethane
[Bg<0C0CF3 ) 2 j l / l  k / s -1  ka/M -’ s - 1
0 .0 3 8  1 .3 3  x 10~4 3 .5 5  x 10~3
0 .0 6 0  2 .1 7  x 10- 4  3 .6 1  x 10~3
0 .0 7 5  2 .5 8  x 10~4 3 .4 4  x 10“3
T able 2 .1 0  : R e su lt  o f  D e t r i t i a t i o n  o f  [ 4 - 3 H ]-T o lu en e in  
D ich lorom ethane
[HgCOCOCFa)*]/® k / s -1 ka/M -^s-1
0 .0 2 9  4 .5 6  x 10"s  1 .6  x 10~3
T able 2 .1 1  : D e t r i t i a t i o n  o f  [ 4 - 3H l-C hlorD benzene In  D ieh lorom ethane  
No d e t r i t i a t i o n  o b serv ed  o v er  a p e r io d  o f  ^100 h ours.
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T able 2 .1 2  : Comparison o f  D e t r i t i a t i o n  R e s u lt s  in  TFA and 
D ich lorom ethane (k2 v a lu e s ,  M ^ s- 1 )
A n iso le  
T oluene  
C hiorobenzene
TFA 
0 .0 3 3  
0. 02 
3 .4  x 10“ 4
D ich larom ethane
3 .5  x IO-3
1 .6  x 10“3 
No R ea ctio n
The t h a l l i a t i o n  and m e r c u r ia tio n  o f  a ro m a tic  compounds h a s  
been e x t e n s iv e ly  s tu d ie d ,  r e s u l t i n g  in  a v a s t  body o f  l i t e r a t u r e .
As n o ted  in  th e  in tr o d u c to r y  s e c t i o n s ,  th e  im p o rta n t d i f f e r e n c e s
betw een th e  tw o m e t a l la t io n  p r o c e s s e s  a re  th a t  p o ly m e r c u r ia tio n  
can occu r  w h ereas o n ly  m o n o - th a l l ia t io n  can be a c h ie v e d , and th a t  
m e r c u r ia tio n  i s  more v e r s a t i l e  in  term s o f  th e  s o lv e n t s  which  
can be u sed .
S in c e  th e  m e t a l la t io n  p r o c e s s e s ,  and th e  su b seq u en t io d o d e -  
m e ta l la t io n  p r o c e s s e s  have been  w e l l - s t u d ie d ,  th e  s im p le  p r e p a r a t iv e  
ex p er im en ts  d e s c r ib e d  in  S e c t io n  2 .4 .1  co u ld  do no more th an
co n firm  p r e v io u s  o b s e r v a t io n s .  Thus, when th e  t h a l l i a t i o n  o f  to lu e n e  
was c a r r ie d  o u t u s in g  s u i t a b l y  h ig h  c o n c e n tr a t io n s  o f  r e a c t a n t s ,  
o n ly  th e  p a r a - s u b s t i tu t e d  p ro d u ct, p - t o ly l t h a l l iu m  b i s ( t r i f l u o r a -  
a c e t a t e ) ,  was produced . T h is  h ig h  r e g l o s p e c i f i c i t y  a r i s e s  b eca u se  
o f  th e  i n s o l u b i l i t y  o f  th e  p ro d u c t, n o t b eca u se  th e  T1(OCOCFs)^* 
e l e c t r o p h i le  p o s s e s s e s  extrem e s e l e c t i v i t y .  In d i l u t e  TFA s o lu t io n  
a t  25°C, S to ck  e t  a l A 7 o b ta in e d  an o ; m : p  r a t io  o f  9 .7  : 3 .5  :
8 6 .8  f o r  th e  t h a l l i a t i o n  o f  to lu e n e  and s im i la r  p e r c e n ta g e s  were 
r e p o r te d  by Olah e t  a l . 4 e  N e v e r th e le s s ,  th e  r e a c t io n  i s  one o f  th e
most p a r a - s e le c t i v e  o f  a l l  e l e c t r o p h i l i c  a ro m a tic  s u b s t i t u t io n s  on 
to lu e n e .
P r e p a r a t iv e - s c a le  t h a l l i a t i o n  was n o t perform ed on a n is o l e ,  
but q u a l i t a t i v e  HER e x p e r im e n ts  (p. 103) were a l s o  c o n s i s t e n t  w ith  
l i t e r a t u r e  r e p o r t s .  The i n i t i a l  sp ectru m  showed fo u r  broad, w e l l -  
se p a r a te d  p ea k s, d ia g n o s t ic  o f  orth o  and xneta T l-H  c o u p lin g , and
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2 .5  D i s c u s s i on
th u s  c o n s i s t e n t  w ith  p a r a - t h a l l i a t i o n .  However, s p e c t r a  reco rd ed  a t  
in t e r v a l s  o v er  a  48 hour p e r io d  became p r o g r e s s iv e ly  more com plex, 
a s  i s o m a r is a t io n  t o  th e  th erm o d y n a m ica lly  more s t a b le  o r th o -iso m er
occu rred . BS I t  i s  a l s o  l i k e l y  t h a t  th e  s p e c tr a  became more com plex  
due t o  o x id a t io n  o f  th e  a n i s o l e ,  and i t s  co n seq u en t p o ly m e r is a t io n .  
As n o ted  e a r l i e r ,  th e  sy s te m  TTFA /  TFA p o s s e s s e s  c o n s id e r a b le  
o x id i s in g  power CT13 '*' + 2 e _ -» T l^; E° = - l ^ S v 5 7 ) .  T h is  i s  an oth er
f a c t o r  w hich  must be borne in  mind when c o n s id e r in g  p a s s ib le
ra d io p h a rm a ceu tica l a p p l ic a t io n s .
P r e p a r a tiv e  m e r c u r ia t io n s  d id  n o t produce any u n exp ected
r e s u l t s .  A fte r  a r e a c t io n  tim e  o f  16 h o u rs, m e rcu r ia ted  t o lu e n e s  
were c o n v e r te d  t o  th e  c o r r e sp o n d in g  io d o -  d e r iv a t iv e s ,  r e v e a l in g
an isom er d i s t r ib u t io n ,  o ; m .* p , o f  35 : 15 : 50 . T h is  i s  w h o lly  
c o n s i s t e n t  w ith  th e  r e s u l t s  o f  Olah e t  a l .* 3 , who o b ta in e d  an 
o ; m : p  r a t io  o f  2 3 .3  : 7 .9  : 6 8 .8  a f t e r  1 m in ute, 3 2 .5  : 1 0 .1  ;
5 7 .4  a f t e r  15 m in u tes  and 3 7 .4  : 1 2 ,6  : 50 a f t e r  160 m in utes (22*C ).
A n is o le  gave a p rep on d eran ce o f  th e  ortho-  m ercu ria ted  
isom er, when th e  r e a c t io n  was a llo w e d  t o  p ro ceed  o v e r n ig h t. As in
th e  c a s e  o f  t h a l l i a t i o n ,  t h i s  can  be acco u n ted  f o r  in  term s o f  
a ccu m u la tio n  o f  th e  th erm o d y n a m ica lly  fa v o u red  p ro d u ct, formed w ith  
th e  a s s i s t a n c e  o f  an in tr a m o le c u la r  I n t e r a c t io n  betxveen th e  m etal 
and th e  oxygen  o f  th e  m ethoxy group < c f. F ig  2 .1 ,  p. 7 3 ) .
C h iorobenzene was m ercu r ia te d , and h en ce io d in a te d , almost, 
e x c lu s iv e ly  a t  th e  p a r a - p o s i t io n .  A gain , t h i s  I s  in  good agreem ent 
w ith  th e  f in d in g s  ox O lah e t  a l .* 3 , whose p -c h i  o r  ox od obciu s  one was 
co n ta m in a ted  by no more th a n  1-2% o f  th e  ortho  and m eta -iso m ers.
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D uring th e  c o u r se  o f  th e  a fo rem en tio n ed  work, th e  iodD de- 
m e r c u r ia tio n  p r o c e s s  ap peared  t o  be l e s s  p r o b le m a tic  th an  some 
l i t e r a t u r e  r e p o r t s ,  e .g .  R e f .24 , had s u g g e s te d . In S e c t io n  2 . 4 .1  ( b ) , 
i t  was re p o r ted  t h a t  th e  d e m e r c u r ia tio n  r e a c t io n s  w ith  m ercu r ia ted
to lu e n e  and a n is o le  were a llo w e d  t o  p ro ceed  f o r  up t o  3 d a y s. 
Hov/ever, su b seq u en t ex p er im en ts  s u g g e s te d  th a t  t h i s  was u n n ec essa ry .
Com plete d em e rcu r ia tio n  was s e e m in g ly  a c h ie v e d  w ith in  a few  h ou rs, 
u s in g  e x c e s s  io d in e  and p o ta ss iu m  io d id e  in  DHF. Of c o u r se , su ch  a 
procedu re co u ld  n o t be u sed  in  h i g h - a c t i v i t y  r a d io io d in a t io n ,  and, 
in  t h i s  r e s p e c t ,  th e  r a p id  io d o d e t h a l l i a t io n  r e a c t io n  w ith  io d id e  
io n s  would seem  p a r t i c u la r ly  ad v a n ta g eo u s.
S e c t io n  2 . 4 .2  d e s c r ib e s  some ex p er im en ts  aim ed a t  m o n ito r in g  
th e  p r o g r e s s  o f  t h a l l i a t i o n  and m e r c u r ia tio n  by NMR sp e c tr o s c o p y .  
The ’ H SNR ex p erim en t w ith  to lu e n e  < p .103) su p p o r ted  R o b erts ' 1982 
s ta te m e n t52 reg a rd in g  h i s  1980 NMR p u b l i c a t io n .50 Thus, th e  r a t e  o f  
t h a l l i a t i o n  was found t o  be much f a s t e r  th a n  th e  NMR s tu d y  had  
in d ic a te d . A ttem pts were th e n  made t o  s tu d y  th e  t h a l l i a t i o n  o f  
to lu e n e  u s in g  t r i t iu m - la b e l l e d  m a te r ia l .  However, a s  d e s c r ib e d  in  
S e c t io n  2 .4 .2  <b>, t h e s e  e x p e r im e n ts  were la r g e l y  u n s u c c e s s fu l .  Vork 
in  t h i s  a rea  had t o  be te r m in a te d  b eca u se  w a ste  c o n ta in in g  both
t r i t iu m  and th a l l iu m  o r  m ercury was deemed t o  be u n a c c e p ta b le .
S e c t io n s  2 .4 .3  and 2 . 4 .4  d e s c r ib e  fu r t h e r  a ttem p ted  k in e t i c  
s t u d ie s  o f  th e  m e ta l1a t io n s .  Y e llo w -c o lo u r e d  m -com plexes w ere se e n  
t o  accompany th e  r e a c t io n s  o f  m- and p -x y le n e s ,  and th e  m axim  o f  
th e s e  corresp on ded  to  th e  w a v e le n g th s  r e p o r te d  by Lau and K o ch i. 54
F ir s t - o r d e r  r a te  c o n s ta n t s  w ere m easured, and th e  r e s u l t s  a re  g iv e n
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in  T a b le s  2 .1  and 2 .2 .  Xn v ie w  o f  th e  h ig h  s e n s i t i v i t y  o f  TTFA 
s o lu t io n s  tow ard s a i r  and m o is tu r e , th e  a cc u r a cy  o f  th e  r e s u l t s  in  
T able 2 .1  i s  q u e s t io n a b le .  In  c o n tr a s t ,  m e r c u r ia tio n  d id  n o t seem  
t o  be a d v e r s e ly  a f f e c t e d  by a i r  and m o is tu r e , h en ce th e  r e s u l t s  
in  T able 2 .2  a r e  th ou gh t t o  be somewhat more r e l i a b l e .  As n o ted  
e a r l i e r ,  n rx y len e  r e a c te d  ab ou t an ord er  o f  m agnitude f a s t e r  th an  
p -x y le n e , c o n s i s t e n t  w ith  th e  d a ta  o f  Lau and K o c h i.54
S e c t io n  2 .4 .4  d e s c r ib e s  some d e t r i t i a t i o n  ex p er im en ts  which  
were c a r r ie d  o u t in  a fu r t h e r  a ttem p t t o  g e t  some a p p r a is a l  o f
m e ta l la t io n  r a t e s .  These w ere co n d u cted  e x c lu s i v e l y  w ith  m ercury ( I I )  
t r i f  lu o r o a c e ta te ,  in  v iew  o f  th e  i n s t a b i l i t y  o f  TTFA.
C o n sid e r in g  f i r s t  th e  r e s u l t s  in  T ab le  2 .4 ,  i t  can  be s e e n  
th a t  C 2~3H3- ,  C3-3 H ]- and C4-3 H I-ch lo ro b en zen e  were a l l  d e t r i t i a t e d  
a t  th e  same r a t e .  T h is  r e s u l t  was somewhat u n ex p ected , in  v ie w  o f
th e  h ig h  p a r a - s e l e c t i v i t y  s e e n  in  th e  p r e p a r a t iv e - s c a le  ex p er im en ts
d e s c r ib e d  e a r l i e r .  A p o s s ib l e  e x p la n a t io n  i s  is o m e r is a t io n  o f  th e  
Wheland in te r m e d ia te , a s  d e s c r ib e d  by  O lah and c a w o r h e r s . S t u d i e s  
o f  su ch  arenem ercurin ium  io n s  by MKR s u g g e s te d  t h a t  th e y  were in
ra p id  exchange v ia  x -co m p lex  in t e r m e d ia te s ,  a s  shown in  F ig  2 .1 0  :
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H HgOCOCF, 'rigOCOCF.
etc.
H
HgOCOCF3
F ig .  2 . 1 0  ; Is o m e r is a t io n  o f  A re n e m e rc u r in iu m  Io n s  (R e f .  5 8 )
r e g io is o m e r s  may have been  due t o  th e  c o n d it io n s  em ployed. Under 
pseudo f i r s t - o r d e r  c o n d it io n s ,  w ith  o n ly  a  t r a c e  o f  s u b s tr a te ,  
p o ly -  or  even  p e r m e r c u r ia t io n  may have o ccu rred . A nother f a c t o r ,
w hich was n o t p r o p e r ly  c o n s id e r e d  a t  th e  tim e  o f  th e  ex p er im en ts ,
was th e  k in e t i c  i s o t o p e  e f f e c t  t h a t  was a lm o st c e r t a in ly  in v o lv e d .
As n o ted  in  S e c t io n  2 .3 ,  d eu ter iu m  is o t o p e  e f f e c t s  in  th e  range
4 .7  -  6 .8  have been  r e p o r te d . Thus, a  t r i t iu m  i s o t o p e  e f f e c t  a s
h ig h  a s  18 i s  n o t in c o n c e iv a b le .
In c o n tr a s t  t o  c h lo r o b e n z e n e , C2-3H3- and C4-3 H J -a n is o le s  
were n o t  d e t r i t i a t e d  a t  s im i la r  r a t e s .  By com paring th e  r e s u l t s  
in  T a b le s  2 .5  and 2 .6 ,  i t  ca n  be s e e n  t h a t  C4-3 H 3 -a n iso le  was
d e t r i t i a t e d  an ord er o f  m agnitude f a s t e r  th an  i t s  C2-3H3- c o u n te r ­
p a r t . The r e s u l t s  in  T ab le  2 .6  a l s o  show th a t  th e  r a t e  c o n s ta n ts ,  
k, d id  n o t c o n tin u e  t o  in c r e a s e  when th e  Hg<0C0CF3>2 c o n c e n tr a t io n
was in c r e a s e d  beyond ab ou t 0 ,2  14; th e  v a lu e s  o f  k o b ta in e d  w ith
[ HgCOCOCFs)^] = 0 .2 5 6  H and 0 .7 8 6  M w ere v i r t u a l l y  i d e n t i c a l .
T able 2 .1 2  com pares th e  a v era g ed  k2 v a lu e s  f o r  d e t r i t i a t i o n
in  TFA and d ich lo ro m eth a n e . For a n i s o l e  and t o lu e n e ,  th e  r e a c t io n s  
a re  se e n  to  be an o rd er  o f  m agnitude f a s t e r  in  TFA, b ut f o r
ch lo ro b en zen e , th e  r e a c t io n  ap p eared  n o t t o  p ro ceed  a t  a l l  in  th e
l e s s  p o la r  s o lv e n t .
In  r e t r o s p e c t ,  i t  i s  f a i r  t o  sa y  t h a t  th e  k in e t i c  work
d e sc r ib e d  in  S e c t io n s  2 . 4 . 2  -  2 . 4 .4  was c a r r ie d  o u t w ith o u t a  f u l l  
a p p r e c ia t io n  o f  th e  d eg re e  o f  c o m p le x ity  o f  th e  k in e t i c s .  A r t i c l e s
su ch  a s  th e  o v erv iew  o f  m e r c u r ia t io n  by T a y lo r45 i l l u s t r a t e  haw
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A l t e r n a t i v e l y ,  th e  la c k  o f  d i s t i n c t i o n  b e tw e e n  th e  t h r e e
th e  v a r io u s  e q u i l i b r i a  in v o lv e d  can  be m o d if ie d  by a h o s t  o f  
f a c t o r s .  A lthough  th e  r e a c t io n  i n  TFA i s  l e s s  com plex th an  in
aqueous a c e t i c  a c id ,  i t  i s  s t i l l  s u b j e c t  t o  f a c t o r s  such  a s  th e
w ater c o n te n t  o f  s o lu t io n s ,  and t o  c o n s id e r a b le  i s o t o p e  e f f e c t s .
K in e t ic  work on t h a l l i a t i o n  i s  a d d i t io n a l ly  c o m p lic a te d  by th e
i n s t a b i l i t y  o f  th e  r e a g e n t . As R o b er ts52 fou n d , TTFA i s  by no
means a s u i t a b l e  r e a g e n t f o r  q u a n t i t a t iv e  i n v e s t i g a t i o n s .  I t  i s  
s o ld  a s  a t e c h n ic a l  grad e r e a g e n t  and i t s  p u r i f i c a t i o n  by 
r e c r y s t a l l i s a t i o n  i s  s a id  t o  be i n e f f e c t i v e . 52
As a  r e s u l t  o f  th e  p r a c t ic a l  d i f f i c u l t i e s  o u t l in e d  above, 
th e  s tu d y  p ro v id ed  l i t t l e  i n  th e  way o f  a d d i t io n a l  m e c h a n is t ic  
in fo r m a tio n . ¥ i t h  re g a rd  t o  r a d io io d in a t io n ,  th e  s u i t a b i l i t y  or  
o th e r w ise  o f  p ro ce d u re s  in v o lv in g  m e ta l la t e d  in te r m e d ia te s  i s  a l s o
w ell-d ocu m en ted . As m entioned  e a r l i e r ,  t h a l l i a t i o n  p o s s e s s e s  th e  
c o n s id e r a b le  a d v a n ta g es  o f  h ig h  r e g i o s p e c i f i c i t y  and ra p id  io d o d e -  
t h a l l ia t iD n  w ith  io d id e  io n s .  The p r in c ip a l  d isa d v a n ta g e  i s  th e
h ig h  o x id i s in g  c a p a c ity  o f  T K I I I )  r e a g e n ts .  M ercu r ia tio n  h a s  th e  
advantage th a t  th e  r e a g e n t s  a re  n o t s t r o n g  o x id i s in g  a g e n ts  and
th a t  r e a c t io n s  da n o t r e q u ir e  TFA a s  a s o lv e n t .  However, i t  h as  
th e  d isa d v a n ta g e s  o f  lo w er  s e l e c t i v i t y  and t h a t  d em e rcu r ia tio n  
o cc u r s  l e s s  r e a d i ly  th a n  d e t h a l l i a t i o n .  F in a l ly ,  no c o n s id e r a t io n  o f  
u s in g  organom ercury o r  o r g a n o th a lliu m  compounds would be co m p lete  
w ith o u t due reg a rd  t o  t h e i r  t o x i c i t y .  C le a r ly ,  any p r e p a r a t io n  o f  a 
ra d io p h a rm a ceu tica l f o r  in  v iv o  u s e , via  a t h a l l i a t e d  or  m ercu r ia ted  
p rec u r so r  would n eed  t o  in v o lv e  r ig o r o u s  p u r i f i c a t i o n  s t e p s  t o  
en su re  t h a t  a l l  t r a c e s  o f  th e  m e ta ls  were rem oved.
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CHAPTER THREE
The Radner P r o c e s s  and O ther O x id a tiv e  I o d in a t io n  R e a c tio n s .
In 1988, Radner1 p u b lis h e d  a paper d e s c r ib in g  th e  u se  o f  
n it r o s o n iu a  t e t r a f lu o r o b o r a t e  CNO^BF^") a s  a  c a t a l y s t  in  d i r e c t  
io d in a t io n  r e a c t io n s ,  A ren es c o v e r in g  a w ide ran ge Df r e a c t i v i t i e s  
were io d in a te d  in  h ig h  y i e l d s  u s in g  ammonium io d id e  a s  th e  io d in e  
so u rce  in  c o n ju n c t io n  w ith  BQBF* and oxygen. The m ost s t r ik i n g  
a s p e c t  o f  th e  work was t h a t  o n ly  c a t a l y t i c  q u a n t i t i e s  o f  th e  
rea g en t were r e q u ir e d . For exam ple, 0 .6  mmol o f  BOBF*. was s u f f i c i e n t  
fo r  th e  p ro d u c tio n  o f  45  mmol o f  2 - io d o -p ~ x y le n e , co rresp o n d in g  t o
an e f f e c t i v e  y i e l d  o f  7500% b ased  on NO'*'. In  t h i s  r e s p e c t  th e  
Radner p r o c e s s  d i f f e r s  from  o th e r  io d in a t io n  te c h n iq u e s , w hich  te n d  
t o  r e q u ir e  s to ic h io m e t r ic  q u a n t i t i e s  o f  r e a g e n ts .
The r e a c t io n s  were c a r r ie d  o u t a t  2 5 *C i n  TFA /  a c e t i c  
a c id  o r  TFA /  d ich lo ro m eth a n e  m ix tu r e s . Sadner was a b le  t o  t a i l o r
th e  s o lv e n t  co m p o s it io n  t o  s u i t  th e  r e a c t i v i t i e s  o f  s u b s t r a t e s .
For th e  l e s s  r e a c t iv e  a r e n e s , su ch  a s  h a lo b en ze n e s , TFA c o n ta in in g
3 - 6 %  t r i f l u o r o a c e t i c  a n h y d rid e  (TFAA) was u sed . For more r e a c t iv e  
a ro m a tics  su ch  a s  l-m eth o x y n a p h th a len e , TFA -  r i c h  s o lv e n t  m ix tu r e s  
were found t o  be u n s u ita b le .  Under su ch  c o n d it io n s  s u b s tr a te  
o x id a t io n  o ccu rred  in  p r e fe r e n c e  t o  io d in e  o x id a t io n ,  r e s u l t i n g  in  
b la r y l  c o u p lin g . T h is  was e l im in a te d  by u s in g  a c e t i c  a c id  a s  a  
d ilu e n t .  In 1 : 10 TFA : AcOH, l-m eth o x y n a p h th a len e  was m a n o -io d in a ted  
in  83% y i e l d .  S im i la r ly ,  when io d in a t io n  o f  hhiophene was a ttem p ted  
in  TFA, many b y -p ro d u c ts  w ere produced . A c le a n  r e a c t io n ,  g iv in g  a  
91% y i e l d  o f  2 - io d o th io p h e n e , was obtained , by d i l u t i n g  th e  TFA 
w ith  d ich lo ro m eth a n e .
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3 .1  The R a d n e r M ethod
o f  "I*" from  I2 and NO* :
I" + N O +  ►  0.512 + N O  3 . 1
0.512 * NO+  ►  T + N O  3.2
Radner d em on stra ted  th e  requ irem en t f o r  oxygen  by c a r r y in g  
ou t a s e r i e s  o f  io d in a t io n s  o f  p -x y le n e  under v a r io u s  c o n d it io n s .  
In TFA c o n ta in in g  a sm a ll amount o f  TFAA, 100% c o n v e r s io n  was
a c h ie v e d  w ith in  2 h ou rs under an atm osphere o f  Os. In  th e  same 
tim e p e r io d , o n ly  11% c o n v e r s io n  was a c h ie v e d  in  a i r  and j u s t  
0.1% under argon . The r o le  o f  oxygen  would seem  t o  l i e  in  th e  
c o n v e r s io n  o f  some NO to  NCh. T h is i s  th o u g h t t o  com bine w ith  
fu r th e r  NO t o  g iv e  NsQs. In  a c id  s o lu t io n  t h i s  I s  co n v er ted  t o  
NO* and w a ter , th u s  r e g e n e r a t in g  th e  c a t a l y s t  :
N O  + 0.5 0 2  ►  N 0 2 3.3
N O  * N 0 2  ► N 20 3 3 .4
N 20 3 ♦ 2 H +  ► 2 NO* ♦ H zO  3 .5
E q u a tio n s 3 .3  -  3 .5  can  be com bined a s  e q u a tio n  3.6, to  
d e s c r ib e  th e  o v e r a l l  p r o c e s s  whereby th e  NO produced  by r e a c t io n s
3 .1  and 3 .2  i s  r e - o x id i s e d  t o  NO* :
2 N O  + 0.5 0 2 + 2H* ----►  2 NO* + H 20  3.6
A r o le  f o r  TFAA would th u s  seem  t o  be th e  rem oval o f  
th e  w ater form ed by th e  forw ard  r e a c t io n  in  e q u a tio n  3 .6 .
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The r e a c t io n  was r a t i o n a l i s e d  i n  te rm s  o f  th e  g e n e r a t io n
Radner a l s o  found t h a t  o th e r  n it r o g e n  o x id e  s p e c i e s  showed
some c a t a l y t i c  a c t i v i t y ;  NO^/N^CL, NaSOs:, flaSfOc? and HNOs were a l l  
shown t o  be e f f e c t i v e  c a t a l y s t s  In  th e  io d in a t io n  o f  n e s i t y l e n e .  
R e a c tio n s  were c a r r ie d  o u t in  v a r io u s  s o lv e n t  m ix tu r e s  o f  TFA,
TFAA, AcOH and CH2CI2 , w ith  NQx : NH^ -I m olar r a t i o s  in  th e  ran ge  
0 .0 1  -  0 .1 .  lo d o m e s ity le n e  was produced  In  y i e l d s  o f  92 -  98%, w ith  
o n ly  sm a ll amounts (2 -  3%) o f  n it r o m e s lt y le n e  a s  a b y -p ro d u c t.  
T oluene was a l s o  io d in a te d  u s in g  NaNOa a s  th e  c a t a l y s t ,  b u t o n ly  
when c o n c e n tr a te d  s u lp h u r ic  a c id  was p r e s e n t .  The l a t t e r  r e a c t io n  
would seem  t o  be r e la t e d  t o  th e  T ronov-N ovikov2 r e a c t io n  o u t l in e d  
in  C hapter One < p .1 6 ).
I t  I s  u n c e r ta in  w hether th e  c a t a l y t i c  a c t i v i t y  o f  BaNCfe
and HNO3 i s  due t o  NQz* a c t in g  i n  th e  same manner a s  NO*, or  
due to  lo w er  NOx s p e c i e s  d e r iv e d  from  r e d u c t io n  o f  BTV). R adner1 
found t h a t  th e  a d d it io n  o f  sod ium  a z id e ,  a  p o w erfu l n it r o u s  a c id  
sca v e n g e r , e f f e c t i v e l y  in h ib i t e d  th e  io d in a t io n  o f  m e s ity le n e ,  w hich  
c o u ld  be e v id e n c e  fo r  th e  l a t t e r  p o s s i b i l i t y .  However, a z id e  io n s  
would a l s o  be e x p e c te d  t o  r e a c t  w ith  NO2* or I * , th ereb y  r e n d e r in g
th e  e v id e n c e  in c o n c lu s iv e .
Radner1 acknow ledged t h a t  th e r e  were s e v e r a l  m e c h a n is t ic  
u n c e r t a in t ie s  r e g a rd in g  h i s  r e a c t io n ,  y e t  o f f e r e d  a number o f  
s u g g e s t io n s  to  a cco u n t f o r  h i s  o b s e r v a t io n s .  The fa v o u red  schem e 
i s  encom passed by e q u a t io n s  3 .7  -  3 .1 0 ,  where th e  tr a n sfo r m a tio n  
d e s ig n a te d  a s  3 .1 0  seen®  m ost l i k e l y  t o  p ro ceed  a s  in d ic a t e d  by  
e q u a tio n  3 .6 .
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I2 +
INO
NO
NO 
ArH  
— >
o x i d n . 
 ►
— ► [ l - l / N 0 ] + -
 >  A rl + H+
0.5 l2 * NO
NO*
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|+ + INO 3 .7
3 .8
3 .9
3 .1 0
M e ch a n is tic  s t u d ie s  o f  th e  Radner r e a c t io n  have a l s o  been  
c a r r ie d  o u t by G a l l i . 3 He in v e s t ig a t e d  th e  io d in a t io n  o f  durene  
and m e s ity le n e , w ith  a v iew  t o  d i f f e r e n t i a t i n g  betw een  c l a s s i c a l  
e l e c t r o p h i l i c  s u b s t i t u t io n ,  A ( 3 .1 1 ) ,  and a pathw ay in v o lv in g  r a d i c a l -  
l o n - p a ir s ,  B ( 3 .1 2 ) ,  a s  cham pioned by Kochi (.vide in fra )  i
a. ArH + E+
b. ArH + E
Ar/
H
ArE + H+ 3 .1 1
[A rH ,E+]  — ► [A rH **, E^
r— complex radical-ion— pair
A r
/ H
X E
3 .1 2
M e s ity le n e  ( 1 , 3 , 5 - tr im e th y lb e n z e n e )  and d urene < 1 ,2 ,4 ,5 - t e t r a -  
m ethyl b en zen e) were ch o sen  a s  a  m e c h a n is t ic  p rob e b ecau se o f  t h e i r  
c o n tr a s t in g  r e a c t i v i t i e s .  The o /p  d ir e c t in g  e f f e c t  o f  th e  m ethyl 
grou p s makes m e s ity le n e  v e r y  r e a c t iv e  tow ard s e l e c t r o p h i l e s ,  th e r e b y  
fa v o u r in g  pathway A. Durene i s  more r e a d i ly  o x id is e d  t o  th e  r a d ic a l  
c a t io n ,  ArH**, th u s  a pathway o f  ty p e  B c o u ld  be ex p e c te d  t o  be 
more p r e v a le n t .
Gal l i 3 o b ta in e d  a m e s ity le n e  /  d urene r e a c t i v i t y  r a t io  o f  50  
when th e  s u b s t r a t e s  were io d in a te d  by th e  Radner method. From t h i s  
i t  was co n c lu d ed  th a t  r e a c t io n  was o c c u r r in g  v ia  th e  c l a s s i c a l  
e l e c t r o p h i l i c  s u b s t i t u t io n  pathway, A. I d e n t ic a l  m e s ity le n e  /  durene  
r e a c t i v i t y  r a t i o s  were o b ta in e d  when v a r io u s  io d in a t io n  te c h n iq u e s
were compared (th e  Ag% SzOs2 -  and C e(IV ) m eth od s). T h is  was ta k e n  a s  
e v id e n c e  f o r  a common r e a c t i v e  in te r m e d ia te , nam ely th e  I^ c a t io n .
G a l l i3  a l s o  o f f e r e d  an e x p la n a t io n  fo r  th e  c a t a l y t i c  
a c t i v i t y  o f  NaNGs and o th e r  N0« s p e c i e s  r e p o r te d  by R ad n er.1 He 
p o in te d  t o  t r i f l u o r o a c e t i c  a n h yd rid e  (TFAA) w hich  Radner in c lu d e d  in  
h i s  s o lv e n t  m ix tu re s . N it r a te  a n io n s  a r e  known t o  r e a c t  w ith  TFAA 
t o  g e n e r a te  th e  m ixed a n h y d r id e , OzITOC <0> CF3 :
n o ; + (c f3c o )2o  o 2n o c (o )c f3 * c f 3c o ;  3 . 13
In p o la r  media t h i s  can  d i s s o c i a t e  t o  r e l e a s e  NOz'*' :
0 2N0C(0)CF3 NO ; 4 CF3C 02" 3.14
G a l l i  p rop osed  t h a t  I -** can be g e n e r a te d  from  HOz** v ia  a
r e a c t io n  a n a lo g o u s  to  th a t  r e p r e s e n te d  by e q u a tio n  3 .7  (3 .1 5 )  :
l2 + n o ;  — ► [ 1 - I / N 0 J  — ► l+ + I* /N O , 3.15
A gain, t h i s  would seem  t o  be o f  r e le v a n c e  t o  th e  T ronov- 
N ovikov2 method and r e la t e d  io d in a t io n  m ethods em p loy in g  n i t r i c  
a c id . In f a c t ,  Radner h im s e lf  commented th a t  th e  s u c c e s s  o f  th e  
T ronov-N ovikov method may be due t o  r e a c t io n s  betw een  NOz'*’ and 
I z ,  a n a lo g o u s t o  th o s e  p ro p o sed  betw een  NCfr and I z ,  a s  o u t l in e d
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abave. He a l s o  made th e  s u g g e s t io n  t h a t  th e  l e v e l s  o f  n i t r a t e d
b y -p ro d u c ts  produced In  su ch  r e a c t io n s  were low  b eca u se  NCh* was
rend ered  l e s s  e l e c t r o p h i l i c  by co in p lex a tio n  w ith  I2 .
The co m p lete  a b sen ce  o f  n i t r a t e d  b y -p r o d u c ts  in  R adner*s'
work i s  a t  f i r s t  s i g h t  somewhat s u r p r is in g ,  p a r t i c u la r ly  in  th e  
l i g h t  o f  some r e p o r t s  by K ochi e t  a i . 4 - 6 . D uring th e  c o u r se  o f  
th e  p a st d ecad e, Kochi and cox^orkers have p u b lish e d  a  g r e a t  number 
o f  p a p ers, a common theme o f  which i s  K och i’ s  b e l i e f  th a t  c h a r g e -  
t r a n s f e r  co m p lex es, a s  in  e q u a tio n  3 .1 2 ,  a re  u b iq u ito u s  in te r m e d ia te s  
in  e l e c t r o p h i l i c  a ro m a tic  s u b s t i t u t i o n s .  A c o n s id e r a b le  p o r t io n  o f  
t h i s  work h a s been co n cern ed  w ith  c o n p le x e s  o f  a r e n e s , ArH, w ith
th e  n itro so n iu m  c a t io n ,  NO*.
On a d d it io n  o f  a r e n e s  t o  s o l u t io n s  o f  NOBF.* in  s o lv e n t s
su ch  a s  a c e t o n l t r i l e ,  b r ig h t  c o lo u r s  were produced owing t o  th e
fo rm a tio n  o f  1 : 1  x -c o m p le x e s , [ArH, N0*3. In  1989, Kim and K ochi4 
re p o r ted  t h a t  th e  ex p o su re  o f  su ch  com p lexes t o  oxygen  p ro v id ed  
an e f f i c i e n t  r o u te  t o  th e  co r r e sp o n d in g  n it r o a r e n e s ,  a  p r o c e s s  
w hich th e y  term ed o x id a t iv e  a ro m a tic  n i t r a t i o n .  S in c e  oxygen i s  
d e l ib e r a t e ly  a d m itted  in  R a d n er 's  p r o c e s s ,  sm a ll am ounts o f  n i t r a t e d
b y -p ro d u c ts  may be a n t ic ip a t e d  I f  th e  s t e p s  le a d in g  t o  o x id a t iv e  
a rom atic  n i t r a t i o n  Eire f e a s i b l e  in  th e  p r e se n c e  o f  io d in e .
In a s s ig n in g  a m echanism  t o  th e  p r o c e s s ,  K in and K ochi4
f i r s t  p o in te d  o u t t h a t ,  under th e  c o n d it io n s  u sed , NO* was in e r t  
tow ards oxygen  and t h a t  n it r o s o a r e n e s  c o u ld  n o t be co n v e r te d
d ir e c t l y  t o  n it r o a r e n e s .  Thus, i t  was co n c lu d ed  th a t  th e  form al
tr a n sfo r m a tio n  o f  N < III) r e a g e n t  t o  N<V) p rod u ct m ust occur v ia  a
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r e a c t lv e  in te r m e d ia te , nam ely th e  1 : 1 c h a r g e - t r a n s fe r  com plex :
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ArH + NO* 
[A rH , N O *]
[A rH , NO* J  
[A rH **, NO ]
3 .1 6
3 .1 7
^ArH**,NoJ — ► [ArH**, N02J■1 -►
Fa / H  1Ar
* _H*
— >  A rN 0 2 3 .1 8
J
u  X n °2
The p r o c e s s  was s tu d ie d  under a v a r ie t y  Df ex p er im en ta l  
c o n d it io n s .  In b r i e f ,  o x id a t iv e  a ro m a tic  n i t r a t i o n  p roceed ed  m ost 
c le a n ly  in  p o la r  a p r o t ic  s o l v e n t s  (MeCN, MeNCh). In  l e s s  p o la r  m edia  
(C H sC ls), o r  in  th e  p r e se n c e  o f  added b ase  ( 2 ,6 - d l - t - b u t y l - 4 - m e t h y l -  
p y r id in e ) , s id e - c h a in  s u b s t i t u t i o n  became s i g n i f i c a n t  a s  a co m p etin g  
r e a c t io n .
As d e l in e a te d  by e q u a t io n s  3 .1 6  -  3 .1 8 ,  i t  may be th ou gh t
th a t  o x id a t iv e  a ro m a tic  n i t r a t i o n  i s  r e s t r i c t e d  t o  e l e c t r o n - r ic h  
s u b s t r a t e s .  However, Kim and K och i4 found t h a t  to lu e n e  and p -x y le n e  
were r e a d i ly  n i t r a t e d  by e x p o su re  t o  NOBFa. and oxygen . T h is  was 
e x p la in e d  in  term s o f  th e  o x id a t io n  o f  th e  com plexed  10 b e in g
v er y  much f a s t e r  th a n  th e  r e v e r s e  r e a c t io n  o f  e q u a tio n  3 .1 7 .  In  
o th e r  w ords, a lth o u g h  th e r e  i s  o n ly  a v ery  sm a ll d eg ree  o f  ch a rg e  
- t r a n s f e r  in  com p lexes o f  to lu e n e  w ith  NO*, t h i s  may be s u f f i c i e n t  
f o r  r e a c t io n  t o  p ro ceed , i f  th e  fo l lo w -u p  r e a c t io n  i s  v ery  r a p id .
In  a su b seq u en t p u b l ic a t io n ,  K ochi and cow ork ers5 r e p o r te d  
on a s tu d y  o f  th e  red o x  e q u i l i b r i a  o f  NO* and i t s  non-bonded
com p lexes by c y c l i c  vo ltam m etry . The r e v e r s ib l e  red o x  p o t e n t ia l ,  E°, 
f o r  th e  N0*/N0 co u p le  was found  t o  be h ig h ly  s o lv e n t  d ep en d en t,
a s  b e f i t s  a  s m a ll ,  c o o r d in a t iv e ly  u n sa tu r a te d  c a t io n .  V alues o f  E°
vs. SCE were m easured a s  1 .28V , 1 .33V  and 1 .48V  In  a c e t o n i t r i l e ,  
n itro m eth a n e and d ich lo ro m eth a n e  r e s p e c t iv e ly .  T h is  work was ex ten d ed  
by p erform in g  c y c l i c  vo ltam m etry  on th e  c h a r g e - t r a n s fe r  com p lexes  
o f  Mfr w ith  v a r io u s  p o ly m eth y lb e n z en es . Com plexes o f  durene, p e n ta -  
m eth ylb en zene and h exam eth ylb en zen e were s tu d ie d  in  a c e t o n i t r i l e
s o lu t io n ,  g e n e r a t in g  E° v a lu e s  o f  1 .13V , 1 .10V  and 1.02V  vs. SCE
r e s p e c t iv e ly .  The la r g e  s h i f t  o f  red o x  p o t e n t ia l  i s  I l l u s t r a t i v e  
o f  th e  p ow erfu l s t a b i l i z i n g  e f f e c t  th a t  a ren e  co m p lex a tio n  h as on 
th e  NO'*' c a t io n .
In 1991, Kim and K och i6 r e p o r te d  fu r th e r  on th e  n a tu re  o f
th e  [ArH,MT*d com p lexes. In  p a r t ic u la r ,  th e  co m p lex es w ith  p o ly m e th y l-
b en zen es were found t o  be r e a d i ly  c r y s t a l l i s e d  and were th u s  
i s o l a t e d  and s u b je c te d  t o  d e t a i l e d  a n a ly s i s .  IT. V . / v i s . ,  in f r a -r e d  
and NER s p e c t r o s c o p ic  s t u d ie s  were con d u cted , i n  a d d it io n  t o  th e  
c o l l e c t i o n  o f  X -ray c r y s t a l lo g r a p h ic  d a ta . The p ic t u r e  th a t  em erged  
was one o f  in c r e a s in g  e l e c t r o n - t r a n s f e r  w ith in  th e  com p lexes w ith
d e c r e a s in g  io n iz a t io n  p o t e n t ia l  o f  th e  a ren e . Thus, on g o in g  from
benzene t o  h exam eth y lb en zen e, th e  in c r e a s e  in  th e  number o f  m ethyl
groups was accom panied  by e x t e n s io n  o f  th e  H-G bond le n g th  and a
co n co m ita n t d e c r e a s e  in  th e  s t r e t c h in g  fr eq u e n c y  o f  th e  bond. In  
th e  c a s e  o f  h exam eth y lb en zen e, th e  N-0 bond le n g th  ap proxim ated  t o
t h a t  in  n i t r i c  o x id e  w h ile  th e  1H NMR sp ectru m  was th a t  o f  th e  
r a d ic a l  c a t io n ,  C sM es^ .
S e v e r a l p a in t s  a r i s e  from  th e  a fo rem en tio n ed  work which
may be o f  r e le v a n c e  t o  Radner* s  r e a c t io n .  F i r s t l y ,  th e  f a c t  th a t
th e  n itro so n iu m  c a t io n  i s  c a p a b le  o f  g e n e r a t in g  r a d ic a l  c a t io n s
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in media such as acetonltrile raises the question as to whether 
a reaction pathway involving radical intermediates could contribute 
to the iodination process. G alli's  results3 would seem to suggest 
otherwise, but the possibility cannot be ruled out. Secondly, Kochi's 
measurement of redox potentials5 for NO* in various environments 
appear to be quite pertinent to Radner' s experience with different 
solvents. The example of 1-methoxynaphthalene has already been 
mentioned; Radner1 found that this compound was almost completely 
oxidised by NOBFa /  BHaI / 0  ^ in 3 : 1  TFA -  AcOH, but was iodinated 
in high yield in 1 : 10 TFA -  AcOH. The contrasting behaviour may 
be attributed to the variation of oxidising power of NO* in 
relation to its  solvation.
Charge-transfer complexes of the type [ArH,NO*], as studied 
by Kochi et a l.4-5, may also be invoked in attempting to account 
far some additional observations by Radner1' 7. For example, Radner1 
reported that his method was largely unsuccessful when applied to 
polycyclic aromatic hydrocarbons such as pyrene. These d ifficu lties  
were accounted for in terms of reduction of the arene reactivity 
due to complexation with iodine. However, Radner7 later reported that 
the formation of 1-iodopyrene was accompanied by some 1-nitropyrene 
and sometimes 1-acetylpyrene. The generation of such by-products may 
be an indication of the involvement of radical intermediates, as 
in the oxidative aromatic nitration process proposed by Kim and 
Kochi. 4 In order to achieve the successful iodination of substrates 
such as pyrene, Radner7 developed an alternative method involving 
iodine cyanide and aluminium trichloride.
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Nitrosonium tetrafluoroborate was obtained, from Aldrich as 
a white solid. The compound is known to be very hygroscopic and
when exposed to air, vjas found to emit pungent fumes, presumably 
of oxides Df nitrogen. As a result* the reagent was invariably 
dispensed into pre-weighed vessels, under an atmosphere of dry 
nitrogen in a glove bag. When not in use, the compound was kept
refrigerated in a desiccator.
3.2.1 Preparative Scale Iodinations
In itia l experiments on the NOBF4 catalysed iodination of 
simple aromatic substrates were conducted in a solvent system of
1 : 1 TFA -  dichloromethane. Subsequently, similar experiments were 
performed in 9 : 1 acetic acid -  acetic anhydride, the medium chosen 
for detritiation experiments (see Section 3.2.2).
(i) Iodination of Toluene
(a) In 1 : 1 TFA -  Dichloromethane
Toluene <0.5g> was placed in a small round-bottomed flask
equipped with a magnetic s tirrer bar, together with iodine (ca. 3g, 
2-3 equivs.). The mixture was taken up in the t i t le  solvent system 
(ca. 20mls> and when a ll the iodine had dissolved, NOBF^  (5mg) was 
added. The flask was fitted  with a CaCls>-f ille d  drying tube to 
allow exposure to air, and the mixture was stirred overnight at 
room temperature.
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3.2 Some Experiments with Nitrosonium Tetraf luoroborate
After ca. 20 hours, the solution was poured into c a . 200mls 
of water and solid sodium bicarbonate was added in small portions 
to neutralise the TFA present. Extraction was then carried out 
using dichloromethane <3 x 50mls>. Excess iodine was removed from 
the combined extracts by washing with aqueous sodium metabisulphite 
solution (2 x 50mls). The dichloromethane solution was further washed 
with portions of sodium bicarbonate solution and water, and then 
dried over anhydrous magnesium sulphate. Evaporation of the solvent 
afforded an almost colourless o il which partially solidified on 
cooling. Analysis by ’H BUR showed the product to be a mixture 
of around 40% 2-iodotoluene and 60% 4-iodotoluene. This is in 
reasonable agreement with the result of Radner1, who obtained 37% 
and 63% respectively. Fig. 3.1 shows the aromatic region of the 
spectrum.
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Fig. 3.1 : 1H HBR Spectrum (Aromatic Region) of Iodotoluenes Obtained 
from the Radner Reaction in 1 : 1  TFA -  CH2CI2
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The above procedure was repeated using c a . 25mls of 9 : 1  
AcOH -  AczO as the solvent. Dichloromethane extraction afforded a 
mixture of iadotoluenes in essentially the same isomer distribution 
as seen in part (a), 40% o r th o  and 60% p a ra . However, additional 
minor peaks are apparent in the aromatic region of the spectrum 
(Fig. 3.2), at ca. 8 = 7.95, 7.48 and 7.32 ppm.
<b> In 9 : 1 Acetic Acid - Acetic Anhydride
7 . 9  7.  8 7 . 7  7.  6 7 . 6  7 . 4  7.  3 7.  2 7.  1 7 . 0  6 . 9  6 . 8  6 . 7  6 . 6
PPM
Fig. 3.2 : ’H BMR Spectrum (Aromatic Region) of Iodotoluenes Obtained 
from the Radner Reaction in 9 : 1 AcOH -  Ac20
J
<a> In 1 : 1 TFA -  Diehloromethane
A portion of anisole (0.5g> was stirred at room temperature 
with iodine ( 2 - 3  equivalents) in the t it le  solvent system. JSUBFa 
(5mg> was added and the mixture was stirred for around 20 hours, 
exposed to air via a drying tube.
Extraction was carried out as described for toluene in 
the preceding section. Evaporation of the solvent from the dried, 
combined extracts afforded a black oily solid. Despite its  
appearance, the residue gave a very clean 'Et MHR spectrum when 
dissolved in CDCls. Integrals were indicative of 9 -  10% 2-iodo- 
anisole and 90 — 91% 4-iodoanisale (Fig. 3.3).
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(ii) Iodination of Anisole
Fig. 3.3 : ’H BMR Spectrum (Aromatic Region) of Iodoanisoles Obtained 
from the Radner Reaction in 1 : 1  TFA -  CH2C12
A similar experiment was conducted in the t it le  solvent 
system. Subsequent extraction and NMR analysis showed the product 
in this case to be almost exclusively 4-iodoanisole. The amount of 
2-iodoanisale was estimated to be no more than 2 -  3%. Fig. 3.4 
shows the aromatic region of the spectrum.
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(b) In 9 : 1 Acetic Acid - Acetic Anhydride
i i i r  ~i----------1--------1------- 1------- 1--------1------- j------- j------- 1------- 1—
7 . 9  7 . 8  7 . 7  7 . 6  7.  5 7 . 4  7 . 3  7 . 2  7 . 1  7 . 0  6.  9 6 . S  6 . 7  6 6
PPM
Fig. 3.4 : 7H NMR Spectrum (Aromatic Region) of Iodoanisoles Obtained
from the Radner Reaction in 9 : 1 AcOH -  AczO
A blank experiment was also conducted in 9 : 1  acetic 
acid -  acetic anhydride. Anisole <0.2g) was stirred with a large 
excess of iodine (6g) in the medium, but in the absence of MOBF*.
After four days, the mixture was extracted and the product was
subjected to 1H NMR analysis. The resultant spectrum was that of 
pure anisolej no trace of p-iodoanisole had been produced.
tube seems worthy of mention at this point. I t  was carried out 
as part of the collection of some general observations on the
properties of the nitrosonium cation and its  possible relevance 
was only realised in retrospect.
I t  had been noticed that intense blue-green colours were 
produced when anisole and NOBF.* were mixed in various solvents. At
firs t, i t  was thought that impurities and moisture in the anisole 
had contributed to the formation of the species responsible, Thus, 
anisole was thoroughly dried by refluxing over sodium metal and 
then carefully distilled. Even after such purification, an Intense
blue colouration s t i l l  resulted when NOBF* was added to a dilute
solution of anisole in chloroform. Subsequently, the reagents were
mixed in CDC13 solution and 1H B3SR spectra of the blue solution 
were recorded. These featured only the peaks one would expect from 
a clean solution of anisole; ie. despite the colour, no additional 
Dr modified signals were apparent. An excess of iodine (unweighed) 
was then added and spectra were recorded at intervals. During the 
course of an hour, a pair of doublets at 6 = 7 .5 5  /  7.52 and S ~
6 .6 7  /  6 .6 4  ppm increased in intensity, attributable to p-iodoanlsole. 
Thus, with an electron-rich substrate such as anisole, the Radner
reaction appears to proceed, albeit slowly, in chloroform.
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<c) In Chloroform
An exploratory experiment conducted In CDC13 in an NMR
The iodination of aromatic compounds is in simplest terms 
the replacement of hydrogen by iodine. A consequence of this is  
that iodination can be followed by a detritiation technique. Using 
specifically labelled substrates, attempts have been made to monitor 
the Radner reaction in this way.
A solvent system of 10% acetic anhydride in acetic acid 
was chosen for this work. The anhydride was included as a water 
regulator. In view of the high para-selectivity of its  iodination 
in this solvent mixture, anisole was chosen as the tritia ted  
substrate.
Preparation of C4-aH3-Anisole (and 14-£H]-Anisole)
Anisole • was tritia ted  at the p a ra -  position v ia  a Grignard 
reaction starting with 4-iodoanisole. An ethereal solution of 
4-iadoanisole (9.33g, 40mmol) was added slowly to excess magnesium 
turnings 1.2g) with gentle heating. The Grignard solution so 
produced was divided so that deuterated, as well as tritia ted  
materials, could be produced from the same experiment. Around 90% 
of the reagent was quenched with DzO to provide 14-2H]-anisole 
for use in subsequent experiments (see Section 3.2.3). To the other 
10% was added tritia ted  water (5fil, 20Ciml~, ) l followed by a series 
of droplets of HsO to quench the remainder. Excess water was then 
added and the product was extracted into portions of ether. The 
tritia ted  product, ca. 0.4g, was found to contain around 30mCi; this 
corresponds to a specific activity of =£ 8mCi/mmol.
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3.2.2 Detritiation Experiments
A 0.0287M stock solution of iodine was prepared in 9 : 1 
acetic acid -  acetic anhydride <1.820g/250ml). In each kinetic run, a 
10ml aliquot of this solution was used. I t  was f irs t  thermostatted 
at 25*C in an o il bath in order to reach thermal equilibrium. A 
trace amount of [ 4-3H3-anisole was then added. I t  was established 
that there was no loss of tritium  over a 24 hour period in the 
absence of the catalyst. Kinetic runs were initiated by adding a 
snail, pre-weighed quantity of BOBF* to the stirred solution. In a 
f irs t  series of experiments, brisk magnetic stirring was maintained 
throughout the reactions in view of the need for oxygen.
Aliquots (0.2 or 0.5ml) were removed at timed intervals and 
transferred to tubes containing lOmls of tDluene-based scintillant
and lOmls of IK aqueous sodium hydroxide solution. The hydroxide 
carried out the dual function of neutralising the acetic acid and
removing the iodine colour which would otherwise have affected the 
counting efficiency. Toluene extracts were removed and then dried 
over anhydrous sodium sulphate before counting.
The radioactivity in the extracts decreased regularly with 
time until a constant level of around 5% of the in it ia l count 
was reached, possibly reflecting the small amount of 2-iodoanisole 
seen in the preparative work. This "infinity" value was subtracted 
from the measured counts and plots of In (DPH -  DPK»> v e r s u s  time 
were constructed. Some satisfactory linear plots were obtained, the 
gradients of which yielded the f irs t  order rate constants listed  
in part (i) of Table 3.1.
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Detritiation - Experimental Procedure
T a b le .3 .1  : RESULTS OF DETRITIATION OF E4-3H3-ANISOLE BY IODINE/NOBF* 
IN ACETIC ACID SOLUTION CONTAINING 10% <v/v> ACETIC ANHYDRIDE
(i) 25 “C, CIa] = 0 .0287 H, stirred and stoppered !
CNOBFaI / h k /s -1 k a /M - ^ - 1
0 .0050 1 .5  x IO-4 0 .030
0 .0082 3 .1  x IO” 4 0 .038
0 .0087 2 .7  x 10“ 4 0.031
0.0109 2 .6  x 1 0 -4 0.024
0.0141 3 .9  x 10~4 0.027
0.0413 9 .5  x 1 0 -4 0 .023
<ii) 25*C, L1A  = 0.0143 H, stirred and stoppered :
ENOBF.U/H k/s-1 k2/M-1s-1
0 .0069 1 .8  x 10"4 0 .026
0 .0145 2 .3  x IO” 4 0 .019
< iii) 25 *C, H A  = 0.0143 M, stirred rapidly, le ft unstoppered
[5OBF4] /S k /s-1 k^/M-’s-1
0 .0066 2 .6  x 10~4 0 .040
<iv> 2 5 'C , IIA  = 0 .0287 H, no stirring, stoppered
ENOBFaI /H k/s”1 fez/M” 1 s-1
0 .0139 1 .7  x 1 0 -4 0 .012
The observed f irs t  order rate constants, k/s-1 , were divided 
by the NOBR* concentrations to give, perhaps son®what arbitrarily, 
second order values, k2/S~1s“1, as listed in the right-hand column 
of Table 3.1. The values of ks listed in part ( i)  are seen to vary 
over a wide range, 0.023 -  0.038 although the observed rates
are clearly related to the NOBF^  concentration. Halving the iodine 
concentration did not seem to affect k2 significantly (Table 3.1, 
part <ii>), although conparing the f if th  entry in CD with the 
second entry in ( i i )  may give a different impression.
The degree of experimental error inherent from the scatter 
Df points was estimated to be of the order Df 10%. This alone 
was not thought tD be large enough to account for the great 
variance in the rate constants, and i t  was suspected that variable 
oxygen content of the solutions may have been the cause. In order
to investigate this, further runs were conducted under different 
physical conditions, leading tD the results in parts ( i i i )  and <iv)
of Table 3,1. Part < iii)  relates to an experiment in which the rate 
of magnetic stirring was maximised and the reaction vessel was 
le ft  unstoppered between sampling, thereby increasing exposure to 
atmospheric oxygen. The ks value so obtained is seen to be larger 
than any of those listed in parts <i) D r <ii). In part (iv), the 
stirrer was switched off and the flask was kept well stoppered 
between sampling. The derived k2 value is considerably lower than 
those obtained for the stirred reaction mixtures.
These results were a clear indication that the degree of
exposure to atmospheric oxygen had a significant effect on the
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made to carry out further experiments under identical conditions.
For this purpose, a U-tube was used, with one arm connected to
an oxygen gas cylinder, as depicted in Fig. 3.5.
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rate of detritiation of 14-3BG -anisole. Consequently, efforts were
o 2from
cylinder
Fig. 3.5 : U-Tube Arrangement For Detritiation Experiments
The apparatus depicted in Fig. 3.5 was used in a second 
series of detritiation experiments, in which reactions were carried 
out under an overpressure of oxygen. As before, 9 : 1 acetic acid -  
acetic anhydride was used as the reaction solvent; stock solutions 
of iodine were prepared at 0.0152 H and 0.0248 H in this medium. 
Runs were conducted by placing a 10ml aliquot of such a solution 
in the U-tube, which was thermpstatted in a il at 25*C. One arm of
the tube was then stoppered and the solution was displaced with
oxygen. The oxygen cylinder was regulated so that bubbles escaped
to the open arm Df the U-tube at a rate of approximately 1 per
second. A trace of tritia te d  substrate, followed by a pre-weighed
amount of NOBF* were added as in the previous experiments, and 
sampling was carried out as before,
Using these modified conditions, plots of In DPH v s . time 
were found to be somewhat different from the straight-line plots 
which generated the results in Table 3.1. Instead, curved plots were 
obtained, of the general form depicted in Fig. 3.6.
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Time (mins)
Fig. 3.6 : Plot of In (DPH -  DPM»> vs. time (mins); EI A  -  0.0248H,
ENOBF^ I = 0.0112K; under 02 ; 25 "C.
As is apparent from Fig. 3.6, the use of oxygen causes 
very rapid detritiation during the in it ia l 15 -  20 minutes of ■ the 
reaction. Thereafter, counts decrease more slowly until an in fin ity  
value, 5 -  10% of the in it ia l value, is  reached.
The data was deemed too unreliable for the evaluation of
meaningful rate constants, although estimates of the fast in it ia l  
rates were made on the basis of four or five points. Observed 
rate constants were found in the range 1.2 x 10~3 -  3.3 x 10~3 s_1.
Dividing these by the NOBFa concentrati on used In each particular 
run resulted in kz values in the range 0.23 -  0.39 X- 1s-1 , an order 
of magnitude greater than the values shown in Table 3.1.
Possible reasons for the curvature of plots, as in Fig.
3.6 were then considered. The fault did not lie  with the [4-3H3- 
anisole, since a fresh saxnple gave consistent results. Other factors 
considered ware an isotope effect giving rise to curvature, and 
competing nitrosation and/or nitration. Experiments aimed at testing 
these possibilities are described in Sections 3.2.3 and 3.2.4,
respectively.
A possibly noteworthy observation was that the appearance 
of the plots was not affected by changing the order of addition
□f the reagents. Thus, when SOBF* was added 15 minutes before the
tritia ted  substrate, the resultant detritiation plot was of the
same general form as that depicted in Fig. 3.6. This rules out a 
mechanism in which a species, formed in a pre-equilibrium between 
NQBF* and iodine, slowly reacts with ArH, and is consistent with
a process in which ArH forms an equilibrium with Dne of the
inorganic reagents to form a conplex which is slowly attacked by
the other.
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In the context of the detritiation work described in
Section 3.2.2, i t  was suggested that a tritium  isotope effect from 
C 4-3H3-anisole may have led to enhanced ortio-iodination and thus 
contributed to the curvature of the plots. In order to test this, 
samples of [4-2H3-anisole and C4-2H3-toluene were prepared and used
in preparative scale Radner iodinations.
The preparation of [ 4-2H3-anisole v ia  a Grignard reagent
has already been described (see p.142). In a similar manner, C4-2H3- 
toluene was prepared from 4-bromatoluene. The crude product was 
purified by micro-distillation from a droplet of molten sodium.
Preparative scale Radner iodination was f irs t  performed
on the deuterated anisole. Using the general procedure described 
in Section 3.2.1, a portion of [ 4-2H3-anisole (O.lg) was stirred 
overnight with a slight excess of iodine and ca. 5mg of HOBFa 
in 9 : 1  AcOH -  Ac20. Subsequently, the products were extracted and 
assayed by 1H HMR.
The resultant spectrum suggested that the deuteration of
anisole at the jpara-position had l i t t le  or no effect on the
isomer distribution of its  iodination products. As in Fig. 3.4, the
only significant signals in the aromatic region were those due to
p-iodoanisole. The amount of 2-iodo-C4-2H3-anisole was estimated to 
be no more than a few percent, although an accurate determination
was not possible owing to the presence of many minor peaks in 
the spectrum.
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3.2.3 Examination of Deuterium Isotope Effects
On a separate occasion, the experiment was repeated using 
a different, perhaps purer, sample of E4-2H3-anisole. The integrals 
of the NMR signals from the two products led to an estimate of
the proportion of 2-iodo-C 4-2H3 -anisole of 5.3%. Comparing this with
the 2 - 3 % quoted on p. 140 for the iodination of non-deuterated
anisole suggests that there may he a very small isotope effect, 
although the experimental error in measuring integrals of minor 
signals could accommodate such a variation.
Experiments with I 4-2I13-toluene produced contrasting results. 
Firstly, the iodination was performed in a 1 : 1  mixture of TFA 
and dichloromethane. MOBFa <15mg), E4~2H3-toluene (0 .15g> and iodine (lg) 
were stirred for 24 hours in this solvent mixture, exposed to air. 
The extracted products were analysed by ’H NMR, the results of 
which indicated that there was no deviation from the approximately
2 : 1 ratio of para  to ortho-substituted products seen in other
experiments with toluene.
However, a later experiment conducted in 9 : 1 AcOH -  AczO
generated a quite different result. On this occasion, the reaction 
was carried out by stirring E4-2H3-toluene <0.25g), iodine (0.25g) 
and NOBF^ j <5mg) In 15mls of the solvent mixture. The products were 
extracted after 20 hours and from the integrals in the aromatic
region of the 1H SIR spectrum, i t  was estimated that the product 
consisted of 2-iodo-[4-:EH3-toluene <58%) and 4-iodotoluene (42%). 
Results in 9 : 1 AcOH -  AcaO :
% o r th o  % para
Toluene 35 65
E4-2H3-Toluene 58 42
In an attempt to identify the products from the Radner 
reaction on anisole, under the conditions used in the detritiation  
experiments, the process was monitored by radio -  TLC. In view of 
the o r th o  /  para  specificity of the reaction, anisole was labelled 
at the meta-position so that a ll o r th o  /  para  substituted reaction 
products would remain tritium-labelled.
Anisole was specifically tritia ted  at the 3-position via 
the Grignard intermediate derived from 3-bromoanisole. To magnesium 
turnings 0.4g> was added 3-bromoanisole (1.87g, lmmol) in a few 
mis of dry diethyl ether, and the mixture was refluxed for four
hours. Tritiated water <5pl, 20Ciml_1> was then added to the cooled 
solution, followed by a series of droplets of HzO. The extracted 
product, ca. lg, was found to contain around 30mCi, I t  was subjected 
to 1H and 3H HHR analysis, the results of which were satisfactory.
The f irs t experiment carried out with the 13-3H3-anisole
was to add a small amount to a solution of Iz /  SOBF*. in AcOH -
AczO, as in the kinetic studies described previously. As expected, 
no detritiation was observed. This result not only rules out the 
possibility of any rearrangements involving the m eta - position, but 
also confirms the effectiveness of the extraction procedure.
Further experiments were then carried out under similar 
conditions, in a U-tube as described in Section 3.2.2. Instead of 
extracting aliquots taken from the solution, i t  was found that 
the process could be monitored by simply spotting small amounts
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3.2.4 Radio - TLC Study
of the reaction mixture onto a TLC plate at timed intervals.
Evaporation of the solvent halted the reaction, and development of 
the plate by a suitable solvent mixture separated the tritia ted  
components. In a typical experiment, nine samples were taken and 
spotted at 2cm intervals on a 20cm x 20cm s ilica  TLC plate. The 
plate was then developed using 9 : 1 hexane -  ethyl acetate as the 
eluent. After drying, the nine vertical tracks were assayed for 
tritium using a Berthold linear TLC analyser. The C3-3H3-anisole 
prepared for this work was of sufficiently high activity such 
that the use of 1 -  2pl per run provided enough radioactivity 
for the analysis of lOpl samples of the 10ml reaction solution.
Fig. 3.7 shows a series of results obtained at the times 
indicated from an experiment with EHOBF4J [ I 2]  ^ 0.0152H. This 
degree of signal-to-noise was obtained after 4 minutes of scanning 
of each vertical track. The results show the appearance of three 
tritia ted  products as the signal from the anisole diminishes. The 
print-outs shown in Fig. 3.7 represent the distribution of radio­
activity over the whole 20cm TLC plate. The reaction mixture was 
applied 1cm from the lower edge of the plate and the solvent 
front was allowed to reach 1cm from the top. Hence, the actual 
TLC experiment is represented by the central 90% of the x-axis.
The Rr value for the starting material, C3-3H3-anisole was 
calculated to be around 0.70. The three tritia te d  products appear 
at R**s of 0.30, 0.45 and 0.61. Scan (c) in Fig. 3.7 shows that 
only a small amount of anisole is  le ft  unreacted after half an 
hour, while <d) indicates complete reaction within 45 minutes.
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Fig. 3.7 : Radio -  TLC Scans Of The Reaction Of I 2 /  NOBF* Yith 
[3-3H3-Anisole In 9 : 1 AcOH -  AcaO; 25eC.
Numerous experiments were carried out aimed at assigning 
the peaks in Fig. 3.7, but with only limited success. Problems were 
encountered with reproducing the radio -  TLC separations with non- 
radioactive anisole. The quantities of substrate involved in the 
tracer experiments are extremely small and attempts to separate 
larger amounts of reaction products did not result in efficient 
separation. Eventually, using a preparative silica TLC plate, and 
9 : 1 hexane -  ethyl acetate as eluent, a portion of a concentrated 
reaction mixture was chromatographed and 1cm wide bands of silica  
were scraped from the plate around the aforementioned Rr values.
Although the radio -  TLC results, as depicted in Fig. 3.7, 
are suggestive of the formation of comparable amounts of the 
three products, most material on the preparative TLC plate was 
found at around R* = 0.45. In fact, insufficient material was washed 
from the silica scraped from Rf = 0.30 for any meaningful NMR 
signals to be detected. The material at Rr = 0.45 was taken up 
in CDC13 and the resultant NMR spectrum is shown in Fig. 3.8 :
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Fig. 3.8 : ’H NMR Spectrum (Aromatic Region) of Extract from TLC 
Plate (Rf =0.45).
Inspection of Fig. 3.8 indicates that the material found 
at Rr = 0.45 contains no jp-iodoanisole (.8 = 7.58 /  7.55 and 6.70 /
6.67 ppm). The pair of doublets at 8 = 8.23 /  8.20 and 6.99 /  6.96 
ppm would seem most likely to be attributable to jp-nitroanisole. 
The other signals, at 8.12, 7.83 /  7.80 and 6.89 / 6.86 ppm, exhibit 
the characteristic pattern of a 1 , 2 , 4-tri-substituted benzene, with 
the downfield signals showing m eta coupling. A likely  contender for 
the compound responsible is 4-iodo-2-nitroanisole.
Only a trace of material was washed from the s ilica at 
R-f = 0.61. The resulting dilute solution in CDC13 produced the poor 
quality NMR spectrum reproduced in Fig. 3.9.
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Fig. 3.9 : 1H NMR Spectrum (Aromatic Region) of Extract from TLC 
Plate (Rf = 0.61)
Despite the lot/ signal-to-noise, Fig. 3.9 clearly indicates 
that the major components of the material are jp-nitroanisole and 
p-iodoanisDle.
The radio -  TLC results reproduced in Fig. 3.7 seemingly 
show a successful separation of three reaction products. However, 
the spectra shown in Fig. 3.8 and Fig. 3.9 clearly indicate that
the conditions used failed to separate the components on a larger
scale. Despite these d ifficu lties, the main point is clear -  under 
the conditions used in the detritiation experiments, iodination was
not the principal reaction. The relative concentrations of the
reactants were such that nitration and di-substitution were also 
significant reactions.
3.2.5 Replacement of Eitrosoniuin Tetrafluoroborate (HOBF^ ) by
Hitronium Tetrafluoroborate CNOsBFa) .
As mentioned in Section 3.1, one of the ideas postulated
by Radner1 was that nitration products were not seen in his
iodination reactions enploying HRO3 or other N(V) species because
NOa* was bound up in a complex with molecular iodine. In order
to test this hypothesis, Radner-type reactions were carried out 
using NQ2BF4 in place of NOBF*.
A 0.5H solution of BO2BF* in sulfolane was found tD be
available in the laboratory. This was used in preparative scale 
experiments with toluene and anisole, analogous to those described 
in Section 3.2.1. The reactions were conducted in 1 : 1  CHzCl^  -
TFA, using large excesses of Iodine and 0.1ml portions of the 
aforementioned EIO^ BF^  solution.
Products were extracted after ca. 16 hours and analysed
by 1H SNR as before. Fig. 3.10 shows the aromatic region of the 
spectrum of the products derived from toluene.
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Fig. 3.10 : TH EME Spectrum (Aromatic Region) of Products Obtained 
from Reaction of Toluene with Is /  EOzBF.*.
Fig. 3.10 shows that a multi-component mixture of products 
was produced, hut that the mixture contained no trace of any 
iadotoluenes. The major components appear to be two para-substituted
compounds, on the basis of the pairs of doublets at 8 = 7.99 /
7.96 and 7.38 /  7.35 ppm and at 8 = 7.88 / 7.86 and 7.28*/ 7.26 ppm.
(* -  Coincident with CHCI3 signal).
The reaction with anisole generated fewer products. The
aromatic region of the 7H MR spectrum is shown in Fig. 3.11 :
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Fig. 3 .11 : ’ H NMR Spectrum (Aromiatic Region) of Products Obtained 
from Reaction of Anisole with I 2 /  N02BF^ .
p-Iodoanisole is seen as a pair of doublets at 8 = 7.56 /  
7.53 and 6.68 /  6.65 ppm, but the major product is another para- 
substituted derivative with signals at 8 = 7.96 /  7.93 and 6.96 /  
6.93 ppm.
Another oxidant which has been used to promote iodination 
is ammonium cerium (IV) nitrate (CAN). This ms described in 1981 by 
Sugiyama.® Good yields of iodinated products were obtained with 
polymethylbenzenes. The general procedure is that the appropriate 
aromatic substrate is incubated with iodine (or an alkali metal 
iodide) and CAM in a solvent such as acetonitrile. Reaction times 
tend to be long; Sugiyama maintained his reaction mixtures at 60"C 
for 24 hours. In contrast to the Radner process, stoichiometric 
rather than catalytic amounts of the reagent are required.
The range of aromatic compounds that can be iodinated by 
the Sugiyama method is somewhat limited. Its  usefulness has only 
been demonstrated for methylbenzenes and other activated compounds 
such as methoxybenzenes and naphthalenes.® Mo reaction occurred with 
deactivated substrates such as nitro- or chlorobenzene. Electron-rich 
compounds such as phenols or anilines were completely consumed but 
not iodinated.
The iodination of methylbenzenes was shown to occur with 
o r th o -p a ra  orientation. For example, the iodination of o-xylene gave 
p a r a -  and o r th o -  substituted products in the ratio 6:1. From this 
and other results, oxidation of iodine to produce an electrophilic, 
positive iodine species was postulated. Another piece of evidence 
came from the fact that no side-chain substituted products were 
obtained with polymethylbenzenes, ruling out the involvement of 
radical intermediates.
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3.3 The Sugiyama Method
TMs view was supported by the work of G alli. 3 As well 
as investigating the Radner reaction, Galli also studied Sugiyama's
process, using his mesitylene /  durene mechanistic probe. Mesitylene /  
durene reactivity ratios were consistently found to be around 50, 
as seen with other iodination techniques. Thus, as in the case 
of the Radner reaction (see p. 131), a mechanism involving the I -* 
cation was proposed.
Galli's work3 also highlighted another important point. In 
a mixed solvent system of 60 : 8 : 8 : 24 -  AcOH : TFA : TFAA : CH3CU,
a higher than stoichiometric conversion to products was observed
(210%), based on the amount of Ce(IV). This was attributed to the
generation of NCkA from TFAA via equations 3.14 and 3.15 (see 
p. 131), with subsequent formation of r*' via equation 3.16 (p. 133).
Significant amounts of nitrated by-products were produced, as well 
as nuclear acetylated durene and side-chain substituted durene. This 
emphasises the important difference between the Radner and Sugiyama 
methods, that of stoichiometry. Electrophiles such as NCLA are most
probably present under the conditions of the Radner process, but
only in catalytic quantities. Hence, no nitrated by-products are 
detected, In contrast, Sugiyama's use Df a molar equivalent of CAN,
with its  six nitrate anions, makes competing nitration much more 
significant, particularly when TFAA is present. Galli3 found that the 
amounts of the by-products were significantly decreased when TFAA 
was omitted, but were not eliminated entirely.
-159-
In 1991, Muathen3 described a slight modification of the 
Sugiyama method. Instead of ammonium cerium (IV) nitrate, he used 
tetrabutylammcmium cerium (IV) nitrate, which is more soluble in 
organic madia. Aromatic iodinations were carried out by refluxing
aromatic substrates, tetrabutylammonium iodide and the cerium (IV) 
reagent, in a molar ratio of 1 : 1 : 2 ,  for 24 hours in dichloro- 
methane. In this way, anisole, 1,2-dimathoxybenzene and some di- and 
t r i  methylbenzenes were mono-iodinated in isolated yields of 72-78%.
Literature accounts of iodinations employing CAN are not
numerous, but some successful applications are worthy of note. 
Asakura and Robins10' 11 used the reagent in the iodination of 
uracil nucleosides. Treatment of the protected uracil derivatives 
with iodine or metal iodides and CAN at 80 °C in acetonitrile 
gave the corresponding protected 5-iodouracil nucleosides in very 
good yields. Reaction times were generally quite short, typically 1
hour. The direct iodination of some unprotected uracil derivatives 
was also achieved. In these reactions acetic acid was used as 
the solvent and reaction times of 30 minutes were typical. Lithium
iodide was found to be very effective as the iodine source.
Catlin and Heldrich12 employed Sugiyama1s reaction in the 
di-iodination of lipophilic a, w-bis-para-anisylalkanes. In order to
determine the optimum reaction conditions beforehand, an extensive 
GC study was carried out using anisole as a model substrate. Some 
important observations were made. The best results were obtained by
adding equimolar excesses of both CAN and iodide (EkuB* I~) to the
arene in refluxing acetonitrile. The use of a further excess of
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CAN was found to be detrimental, since this destroyed the product, 
4-iodoanisole. An excess of iodide also had a negative effect; i t  
effectively inhibited the reaction, presumably by preventing the 
formation of positive iodine species.
Iodination at the 3-positions of flavones, thioflavones and 
thiochromones using CAN has been reported by Zhang and L i. 13
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Ammonium cerium <IV) nitrate (CAN) was obtained from Aldrich 
as an orange crystalline solid. Portions were dried overnight at 
100 *C before use.
3.4.1 Preparative Experiments
Preparative iodinations using CAN were carried out on some 
simple aromatic substrates. The solvent system chosen was that used 
by Galli3, 10 : 3 (v/v) glacial acetic acid -  acetonitrile.
(i) Iodination of Toluene
A 0.09M solution of CAN was prepared in the aforementioned 
solvent system. To 25mls of this solution were added toluene (0.2g) 
and iodine <0.57g>, to make the resultant mixture 0.09H in each 
component. After stirring overnight at room temperature, the mixture 
was poured into 200mls of water, and solid sodium bicarbonate was 
added in small portions tD neutralise the AcOH. The solution was 
then extracted with chloroform <3 x 30mls>. Excess iodine was removed 
from the combined extracts by treatment with aqueous sodium meta- 
bisulphite solution. The chloroform solution was subsequently washed 
with water, sodium bicarbonate solution and further water, before 
being dried over anhydrous magnesium sulphate. Filtration of the 
desiccant and evaporation of the solvent afforded a brown oily  
residue which partially solidified Dn cooling. The *H NMR spectrum 
was recorded in CDCI3 solution and was indicative of clean and 
complete conversion to iodotoluenes. Integrals corresponded to an 
isomer distribution of 35% o r th o  and 65% pajra-iodotoluene. The 
aromatic region of the spectrum is reproduced in Fig. 3.12.
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3.4 Experiments with Ammonium Cerium (IV) Nitrate
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Fig. 3.12 : 'H NMR Spectrum (Aromatic Region) of Iodotoluenes from 
the Sugiyama Reaction
( i i )  Iodination of Anisole
As with toluene, a solution 0.09M in CAN, iodine and the 
aromatic substrate was stirred overnight at room temperature. The 
products were extracted in exactly the same way as in part ( i) .  
The 1H NMR spectrum was recorded in CDCla solution, the aromatic 
region of which is shown in Fig. 3.13 :
PPM
Fig. 3.13 : 'H NMR Spectrum (Aromatic Region) of Products from the 
Sugiyama Reaction on Anisole
Inspection of the spectrum reproduced in Fig. 3.13 shows 
the principal product to be p-iodoanisole (doublets at £ ~ 7.55 / 
7.52 and 6.67 /  6.64 ppm). However, a second set of doublets at £ =
8.17 /  8.14 and 6.93 /  6.90 ppm can be attributed to p-nitroanisole. 
Additional minor signals suggest there may be some di-substitution.
3.4.2 Deuterium Isotope Effect
As in the case of the Radner reaction (Section 3.2.3), the 
Sugiyama reaction was performed on a sample of C4-2H3-toluene in
order to assess the effect of para-deuteration on the product
isomer distribution.
The reaction was carried out using CAN (l.lg , 2mmol), iodine
(0.5g, 2mmpl> and C4-2H3-toluene (0,25g, 2.7mmol). These were mixed in
25mls of 10 : 3 acetic acid -  acetonitrile and the solution was
stirred for 20 hours. The mixture was then poured into water and
extraction was performed as described in Section 3 .4 .1 .(i) . NMR
analysis led to an estimated isomer distribution of 57% 2-iodo- 
[ 4-2H3-toluene and 43% 4-iodotoluene.
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The Radner and Sugiyama methods described in the preceding
sections rely on the oxidising ab ility  Df MO* and Ce(IV) for the 
conversion of iodide tD a positive species. Many transition metal
compounds possess comparable or even greater oxidising capacity and 
their use in aromatic iodination has been investigated by numerous 
researchers. In most cases, the role of the metal ion seems to be
more complex than simply that of an oxidant, but, for the sake Df
simplicity, such complications are largely ignored in this review. 
Vhat follows is a chronological summary of aromatic iodination
reactions involving various transition metal compounds. Silver salts
are omitted here since they have already been discussed in son®
detail (Section 1.3.1, p.24).
In 1970, Baird and Surridge14 reported that copper ( I I )
chloride, in conjunction with various iodine sources, was effective 
in the promotion of aromatic iodination. I t  was found that many
arenes could be iodinated simply by refluxing with CuClz and I2.
In this way, p-iodoacetanilide and p-iodoanisole were obtained in 
respective yields of 76% and 80%, although the reaction times were
quite long (28 and 6 hrs., respectively). The role of copper ions
was thought to be twofold; promoting the iodination reaction via
Lewis acid catalysis, and recycling by-product hydrogen iodide to 
the reaction as iodine, via a redox reaction.
Less activated substrates failed to react when molecular 
iodine was used. However, iodination was achieved by using various
metal iodides as the iodine source. The best results were obtained
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3.5 Transition Metals in the Oxidation of Iodine
using FeIz.4HzQ although the iodides of Co, Bl, Su and Al were 
also effective. The precise role of the second metal was unclear, 
hut the blend of metal halides clearly produced a more effective 
catalyst. A mixture of A1I3 and CuClz was sufficiently reactive to
iodinate chlorobenzene. This mixture was in fact too acidic for
most other substrates; i~-butyl benzene underwent disproportionation tD 
give benzene and di-t-butylbenzenes, while xylenes underwent many 
undesirable side reactions leading to arylmethanes, biaryls and 
polymeric products. Such side-reactions were not encountered with
FeIz.4BzO, hence this was the iodine source of choice.14
During the course of the reaction, the metal iodide is
converted to the chloride, the overall stoichiometry being :
Ml„+ 2nCuCI2 ♦ nA rH — ► nArl + nHCI+ 2nCuCI * MCI„ 3.19
The fact that the iodides of Fe and Al are the most 
effective in this process is clearly an indication of the Lewis
acid nature of the interaction. Closely related work using SbCle 
was published in 1974 by Uemura et a l, 1S. Although i t  is not a
transition metal, Sb(V) can be reduced tD S b(III) with concurrent 
aromatic iodination :
2ArH ♦ SbCI5 4 |2  ► 2 Arl + SbCI3 * 2HCI 3.20
Reactions were carried out by refluxing Iz and SbCls with
aromatic substrates for 30 minutes in carbon tetrachloride or 1,2- 
dichloroethane. Good to excellent yields of iodinated products were 
obtained, with, in most cases, very high para  selectivity. The only
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exceptions were toluene, which gave 58% o~ and 42% jp-iodotoluene, 
and the deactivated substrate, ethyl benzoate, which gave a 48% 
yield of the m ats-iodinated product after 5 hours. From the results 
of SDiae competitive iodinations using benzene and toluene, Uemura 
e t  a l .15 postulated that the reaction involves the i n  s i t u  
formation of I Cl, the polarisation of which is enhanced through
interaction with SbCls.
Fallowing the publication by Baird and Surridge14, several 
other examples of the use of copper ( I I )  compounds were reported. 
In 1973, Nefedov16 described the iodination of azulene using iodine 
and copper ( I I )  acetate in DMF, suggesting that a single -  electron 
-  transfer mechanism was in operation, rather than electrophilic 
attack. The use of three equivalents of iodine resulted in a 
98% yield of 1,3-di-iodoazulene1,s. Somewhat more recently, Horiuchi 
and Satoh17 reported on the iodination of various electron-rich 
substrates using copper ( I I )  acetate and iodine. The reactants were 
refluxed for 6 - 9  hours in glacial acetic acid, resulting in high
yields with polymethylbenzenes, aniline, phenetole and anisole. The 
method was subsequently applied to the iodination of estradiol-17£- 
acetate, affording the 2-iodo- derivative.10
These reactions involving copper salts would seem to be 
more closely related to silver-ion promoted iodination than to
the oxidative processes of Radner and Sugiyama. Consequently, they 
will not be mentioned further. Sore akin to the Sugiyama reaction
are iodinations involving dxo anions containing metals in high 
oxidation states.
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Potassium permanganate, in acidic media, has been shown to 
be effective in this context,13- 21 Using iodine, KMnCU and EhSCL in 
80% acetic acid, a wide range of simple aromatic substrates were 
iodinated in yields of 49 -  98%.13j2° The method was subsequently 
applied to the iodination of a slightly more complex biphenyl- 
substituted dione.21
In 1985, Shimizu e t  a l.22 reported on the iodination Df 
benzene using various metal salts in acidic solvents. I t  was found 
that compounds such as sodium vanadate (V) promoted iodination when 
heated with iodine and benzene at 100"C In t r i f 1uorome thanesulfonic 
acid under oxygen. In some respects, the reaction resembles Radner's 
process, although the conditions are clearly much more severe. The 
catalytic activities of a wide variety of other metal compounds 
were tested using methanesulfonic acid as the solvent. Compounds
showing activity included CuClz, VC13, TiCl* and HhO;>.
Reactions proceeding under much milder conditions were
described by Hakhon'kov e t  a l.23*24 in 1986. They reported on the 
iodination of various simple aromatics using cobalt < III) acetate, 
manganese ( I I I )  acetate and ammonium cerium(IV) sulphate in aqueous 
TFA. Reactions were carried out at room temperature, using iodides 
(Sal, KI, Bu^NI) as the iodine source. Interesting observations were
made, some of which may have a wider relevance to other parts of
this thesis (e.g. Chapter Four).
I t  was shown that the metal salts in TFA were effective 
for the iodination of benzene and mildly deactivated derivatives 
such as halobenzenes. Stoichiometric quantities of reagents were
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ArH 4 I' + 2Wl” * — ► Arl + H+ + 2M(*'"0+ 3.21
The iodination of chlorobenzene using cobalt ( I I )  acetate
and potassium iodide was then studied in detail, under various 
conditions. The reaction was found to be very slow In anhydrous
TFA, producing only a 54% yield of chloroiodobenzenes after five 
days. However, in 9 : 1 TFA ~ water, a 92% yield was obtained after 
just 30 minutes. This solvent composition was found to be optimal 
since the addition of further water resulted in greatly reduced
yields. The addition of water also reduced the specificity of the 
reaction; the substitution pattern was 93% para  -  7% o r th o  in dry 
TFA, 85% para  -  15% o r th o  in 9 : 1  TFA -  water, and 82% para -  18%
o r th o  in 4 : 1 TFA -  water. ¥hen potassium iodide was replaced by 
molecular iodine, the reaction proceeded more slowly owing to the 
low solubility Qf the latter. This could be circumvented by using
10% dichloromethane in the reaction mixture (ie. 8 : 1 : 1 TFA -  HzQ
-  CHzClz). Hov/ever, this approach was not favoured since i t  made
recycling of the expensive TFA more d iff ic u lt.24
The other compounds, manganese ( I I I )  acetate and ammonium 
cerium(IV) sulphate, behaved similarly and thus 9 : 1 TFA - water was
used in a ll subsequent work. The la tter compound was chosen as an
alternative source of cerium(IV), in order to avoid the possible
complications which may arise from the six nitrate ligands of
ammonium cerium(IV) nitrate (.v ide  su p ra ).
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used, according to equation 3.21 :
All three oxidants facilitated near quantitative iodinations 
of benzene and halobenzenes. Reaction times as short as 2 minutes 
were quoted for manganese < III)  acetate. With toluene, complications 
arose due to competing radical reactions. Iodotoluenes were produced 
in the familiar 2 : 1 para  -  o r th o  ratio, but were contaminated by
varying amounts of benzyl trifluoroacetate, benzaldehyde and bltolyls. 
A further indication of the powerful oxidising capacity of the
reaction solutions was that anisole was conpletely polymerised, and 
so its  iodination could not be realised.
Despite the apparently high reactivity of the I*  species 
involved, deactivated arenes (FhCFs, PhU02, PhCOsH) were inert under 
the reaction conditions. Trifluoroacetyl hypoiodite was proposed as 
the reactive species, formed according to equation 3.22 :
2M"+ + r  + CF3C02H — >  2M^"1F + CF3C02l ♦ H* 3.22
In a ll of the above work, the role of the oxidant has
been assumed to be the oxidation of 1“ to I* . Another possibility
is that i t  is the aromatic which is oxidised to generate the
radical cation, which is then susceptible to nucleophilic attack.
Reactions of this type were reported in 1977 by Kurz and Hage.2S
They reacted various aromatics with cobalt ( I I I )  trifluoroacetate,
in the presence of various nucleophiles. For example, benzene with
cobalt ( I I I )  trifluoroacetate, in the presence of Cl~, Br~ and I ” 
generated reasonable yields of the respective halobenzenes. Although 
nucleophilic substitution was almost certainly occurring with Cl~,
iodination was thought much more likely to occur via I~ oxidation.
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As mentioned in the introduction, Section 3.5, Shimizu et 
a l.22 have described the use of sodium metavanadate, and other 
transition metal compounds, in the iodination of benzene. Strongly 
acidic media were used and reactions were carried out under an 
atmosphere of oxygen. The use of oxygen is reminiscent of the 
Radner reaction, and by analogy with Radnor's process i t  was fe lt  
that less severe conditions would be needed to iodinate more 
activated substrates. Exploratory experiments were therefore carried 
out using anisole.
3.6.1 Exploratory Experiments
An in it ia l series of experiments was carried out using 
some readily available transition metal compounds. Ammonium neta- 
vanadate (JSHo-VOs), ammonium molybdate (CNILDsKoCU) and sodium tungstate 
(Na2¥Qa.2EbO) were selected for investigation. Unfortunately, these 
In it ia l experiments were conducted in a solvent mixture containing 
TFA, acetic acid and acetic anhydride. All attempts to iodinate 
anisole in this medium resulted in para-acetylation rather than 
iodination. I t  is however interesting to note that this reaction 
only proceeded cleanly in the presence of iodine. Reaction of 
anisole, ammonium metavanadate and acetic anhydride in TFA, in 
the absence of iodine, produced a mixture of many by-products. No 
reaction occurred when anisole, Iodine and ammonium metavanadate 
were stirred in TFA alone. These observations are summarised in 
equations 3.23 -  3.25 :
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3.6 Experiments with Transition Hetal Compounds
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PhOMe + NH4V 0 3 + l2 + Ac20 — ► 100%p-MeO-C6H4COCH3 3.23 
TFA
16h
16h 
PhOMe + NH4V 0 3 + Ac20  — ► SDme p-MeO-C6H4COCH33.24
* ' TFA p l u s  J^n y  b y -p ro d u c ts
60h
PhOMe ♦ NH„VO, + |  ^  ¥0 reaction 3.25
TFA
Each experiment was performed in ca. 20mls of solvent at 
room temperature, using 5mmol of each component. The products were 
obtained by pouring the reaction mixture into water and extracting 
with chloroform. The other compounds studied, ammonium molybdate and 
sodium tungstate, produced essentially the same results.
A similar experiment with toluene was also performed in 
the mixed solvent system (containing acetic anhydride). The reaction 
was terminated after 60 hours and the extracted products were 
examined by T  NHR. The principal products were 2- and 4-iodo-
toluenes, in the ratio 37 : 63. Additional signals were also 
apparent in the spectrum, but the contaminants v?ere not readily
identified and not studied further.
Further experiments with NELVOa were performed in 9 : 1 
TFA -  water, the solvent mixture found to be optimal in the work 
of Makhon’kov et a l.24
(i> A n iso le
Anisole (0.541g, Smmol), NELiVOs (0.585g, 5nrmol) and I 2 (1.268g, 
5iuibd1) were stirred at room temperature in ca. 25mls of 9 : 1  TFA
-  water. The experiment was terminated after 60 hours by pouring 
the mixture into water. Subsequent chloroform extraction and product 
analysis (by NMR) showed that the reaction was only 25% complete. 
The extract was found to contain 2^5% p-iodoanisole and =;75%
unreacted anisole. No other compounds were evident,
( i i )  Toluene
The above procedure was repeated using toluene (0.461g, 
Smmol). After 60 hrs reaction, the composition of the mixture was 
estimated, by ’ H NMR, to be 41.5% p-iodotoluene, 25.2% o-iodotoluene 
and 33.3% unreacted toluene. Again, no by-products were detected. The
o /p  ratio (0.61) is similar to that seen in other experiments, e .g .
37 /  63 -  0.59.
( i i i )  Chlorobenzene
Repeating the above procedure using chlorobenzene (0.563g, 
5mmDl) produced a small amount (<10%) of p-chloroiodobenzene after 
60 hours. Most of the chlorobenzene was extracted unchanged.
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3.6.2 Experiments in 9 : 1 TFA -  Water
Of the direct iodination techniques summarised in Chapter 
One, the Radner method was selected for further study largely 
because i t  seemed relatively unexplored. Since Radner*s in itia l 
report1, the only mechanistic study of the reaction appears to be 
that of G alli.3
Preparative-scale iodination experiments with toluene and 
anisole have confirmed the remarkable catalytic effect of the 
nitrosonium cation, as reported by Radner. 1 A few mg of HDBF* has 
been shown to be sufficient for the complete iodination of 0.5g 
quantities of aromatic substrates. Product isomer distributions were 
in good agreement with those quoted by Radner1 and consistent 
with the attack of an electrophilic I*  species.
Following the success of the simple preparative experiments 
some detritiation experiments were carried out, the principal aims 
of which were to get some appreciation of the rate of reaction 
of various substrates, and to determine the optimum concentrations 
for rapid iodination. Viewed in retrospect, these experiments seem 
ill-conceived and inherently flawed, but nevertheless the results 
do highlight certain points. The main fault in the experimental 
procedure lies in the relative quantities of reagents used. In 
his large-scale preparative work, Radner1 used approximately equal 
quantities of arene and iodine source, and initiated the reaction 
with a catalytic amount of NOBF*. However, in the detritiation  
experiments described in Section 3.2.2, only a trace of tritia ted  
aromatic substrate was added to the reaction mixture. The arene
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3.7 Discussion
concentration was thus of the same order of magnitude as the 
NOBF* concentration, and in the presence of excess iodine, multiple
iodination of anisole would clearly have occurred. Despite this, 
the rate of tritium loss from [ 4-3H]-anisole should be a good 
indication of the rate of the in it ia l iodination, given the high 
p a ra -  specificity seen with anisole in preparative experiments.
The firs t set of experiments, which generated the results
in Table 3.1 (p. 144), gave an indication of the effect of oxygen 
on the reaction rate. As mentioned previously (p.145), measured rates
were not reproducible and the variation in rate constants could
not be accounted for in terms of experimental error alone. The
discrepancies were attributed to variable oxygen concentration in 
the reaction solutions, and the results of experiments performed 
under various physical conditions (Table 3.1, parts ( i i i )  and (iv)>, 
strongly supported this hypothesis.
Consequently, further detritiation experiments were conducted 
under regulated conditions, using an overpressure of oxygen from 
a cylinder. Under such conditions, curved detritiation plots were 
produced (Fig. 3.6), the in it ia l rates being an order of magnitude 
greater than in the absence of added oxygen. However, i t  is very 
doubtful that iodination was the actual reaction being monitored. 
Vith regard to the report by Kim and Kochi4, the conditions and 
relative concentrations employed would appear to be very conducive 
to oxidative aromatic nitration. Vith NO* and anisole concentrations
of the same magnitude, a significant concentration of the charge-
transfer complex, [ArH, NO*] = [ArH**, NO], was likely to be present.
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and was thus available in abundance, oxidative aromatic nitration, 
as described by equations 3 ,1 6  -  3 .1 8  <p. 133) was most likely to 
occur. The results Df radio -  TLC experiments, described in Section
3 .2 .4 ,  supported this, indicating the formation of at least three
products. NJER analysis of fractions removed from TLC plates showed 
that jj-nitroanisDle was in fact the major product.
Two reaction schemes can thus be envisaged to account for
the aforementioned observations. Firstly, in the absence of added
oxygen (i.e . reactions merely exposed to a ir), Radner iodination can
be envisaged as proceeding v ia  the following scheme :
(i) Radner Reaction
o2
0.5 l2 + NO I* + NO, 3 26
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Si nee oxygen was deliberately admitted tD the reaction mixtures,
OMe OMe OMe
Here, the generation of I*  would be expected to be the 
the rate-limiting step, and hence the reaction exhibits a marked 
dependence on the concentration of dissolved oxygen.
Uhder the conditions used in the detritiation experiments, 
a second scheme is like ly  to be operative, involving the radical 
cation of anisole :
(11) Oxidative Aromatic Nitration
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OMe OMe OMe
NO+ ^
Q
, NO+ [ © )  ,NO
T
T T
3.28
NO,
With an abundance of oxygen, oxidation of NO in the 
charge-transfer complex occurs, ultimately leading to p-nitroanisole. 
The charge-transfer complex can also undergo diffusive separation, 
thereby allowing the anisole radical cation to interact with 
iodine, resulting in some iodinated products.
In the context of possible radical pathways, the experiment 
involving anisole in chloroform solution (p.141) seems particularly 
interesting. Despite the fact that Radner used only acidic media 
for his iodinations, the NMR experiment conducted in CDCls clearly
can envisage formation of the charge-transfer complex, as in the
above scheme, but with a high concentration of iodine and a low 
concentration of oxygen (stoppered HSR tube; minimal surface area 
exposed to a ir), the diffusive separation pathway, leading to iodo-
anisole would be favoured.
Although the aforementioned detritiation experiments have 
failed to provide the desired results, the findings suggest that
the Radner reaction is inappropriate for radiolabelling purposes. In 
n .c .a ., or high specific activity radioiodination procedures, sodium 
radioiodide is generally employed at concentrations of 10-9 or 
10“10 H. I t  seems inconceivable that Radner iodination could be
brought about using an NQEEU concentration several orders of 
magnitude lower than this. On the other hand, i f  NOBF* was used 
at a concentration comparable to concentrations of substrate and 
iodide, competing nitration, as seen in the detritiation experiments 
would be expected. Thus i t  can be concluded that the u t ility  of 
the Radner method lies solely in the large scale iodination of
aromatic compounds. In the context of radioiodination of molecules 
of biological significance, the method would seem to be restricted 
to the preparation of large amounts of iodo precursors for use
in halogen-for-halogen exchange reactions (Section 1.4.3) and in ip s o  
metallation reactions (Chapter Five). I t  may also be useful in the 
preparation of precursors for tritium-labelling with Tz gas. The 
use of NOBF* in conjunction with radioiodide solutions seems very
unlikely, except perhaps for very low specific activity work.
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indicated that anisole could be iodinated in such a medium. One
The Sugiyama reaction, as described in Section 3.3, is 
also considered inappropriate for radiolabelling purposes. As noted 
previously, the reaction is restricted to moderately electron-rich 
substrates and is prone to nitration occurring as a side-reaction. 
Reaction times are also quite long; too long to be of use in 
radioiodination with shorter-lived isotopes.
Section 3.4 describes some preparative experiments carried 
out with toluene and anisole. Toluene was cleanly and completely 
converted to iodotoluenes, which were produced in an approximately 
2 : 1 para  -  o r th o  ratio. Ro nitrated by-products were detected from 
the reaction with toluene, but in the case of anisole, some p~ 
nitroanisole was apparent. The principal product was nevertheless, 
p-iodDanisole. G alli's  conclusion3 that the Radner and Sugiyama 
methods involve a common reactive species was supported in this 
study in that the two methods produced iodinated products in the 
same isomer distributions. This is also true of the experiments 
YriLth [4-sH3-toluene.
Finally, experiments with other compounds containing metals 
of variable valence have indicated that these may indeed be 
capable of generating electrophilic iodine. The compounds examined 
in this study, ammonium metavanadate, ammonium molybdate and sodium 
tungstate, a ll showed some promoting activity, but were much less 
effective than CAN. Clearly, these reactions are too slow to be 
of relevance to radioiodination. A multitude of metal salts are 
capable of oxidising iodine to I* , but these have no advantages 
over other oxidants.
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CHAPTER FO im
Iodination With Electrocheinically Generated Positive Iodine
The Radner and Sugiyama methods described in Chapter Three 
involve the oxidation of iodide to produce electrophilic, positive
iodine species. Both reactions u tilise  nitrogen-containing oxidants 
and there is a possibility of producing nitrated by-products. A 
cleaner, and in many respects, a more straight!orward, method for 
iodine oxidation is by electrochemical means.
For many years, electrochemistry was largely overlooked by 
organic chemists. However, i t  has since became a very powerful
and versatile synthetic to o l.1 Recent reviews have highlighted the 
synthetic u tility 2 and environmental cleanliness3 of electrochemical 
techniques. I t  is  very much a "clean technology" and w ill clearly
find much wider application in the future.
Electrochemistry is  based on oxidations and reductions and 
in view of the ease vdlth which iodine can change its  oxidation 
state, i t  is no surprise that its  reactions have been studied 
electrochemically.4 'E As has already been described in Chapter One 
(Section 1.4.1 (v ii) ) , peptides have been iodinated by electrolysis 
of aqueous iodide solutions. Such methodology involves the oxidation 
of iodide ions to produce an electrophilic species, possibly HaGI*. 
The work to be described in this chapter however, is  concerned 
with the electrochemical oxidation of iodide or iodine, in aprotic 
media to produce very reactive "I*" species.
Work in this area was pioneered in the late 1960's by 
K iller and coworkers.7 They found that iodine could be oxidised 
at a platinum sheet anode in acetonitrile solution containing
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4.1 Electrochemical Oxidation Of Iodine
lithium perchlorate as the supporting electrolyte. In in itia l work6, 
mixtures of iodine and aromatic substrates were simply oxidised at 
an anode. Procedures of this type resulted in law yields of mono- 
iodinated products. Competing oxidation of the aromatic substrates
occurred, resulting in tar-like  polymerisation products from anisole 
and side-chain acetamldatlon in the case of p-xylene. These side-
reactions were eliminated by oxidising the iodine independently and 
adding the aromatic substrate subsequently.
Oxidation of iodine in acetonitrile -  lithium perchlorate 
resulted in a pale yellow solution of "I*". This was found to
react cleanly with benzene and more reactive arenes to give mono- 
iodinated products in high yields <80 -  100%). Isomer distributions 
were 50:50 o r th o :  para  for toluene and 30:70 far anisole.6 Using 
more than one equivalent of the iodinating agent, di-iodinatlon was 
achieved. In the case of p-xylene, stepwise conversion to 2,3,5,6- 
tetraiodo-p-xylene was demonstrated.
The positive iodine species regenerated iodine instantly
when iodide ion was added. This was used as a test to get some 
appraisal of the rate of reaction with arenes. When iodide was 
added immediately after the addition of p-xylene, only a trace of 
iodine was liberated, indicating that the iodination of the xylene 
had occurred very rapidly. Another indication of the reactivity of 
the species was that a higher percentage of polyiodinated product 
was formed when the xylene was added slowly <over a period of 
30 seconds).
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Miller et a l . e  proposed that the iodinating species was 
CBbC+^ HT, the iodonium cation solvated by acetonitrile. In their 
studies involving lithium perchlorate, the coulometric n value for 
the iodine oxidation was found to be considerably greater than 
2 F /  mol Is. In other words, the quantity of electric ity passed 
corresponded to the removal of more than two electrons from each 
iodine molecule. This was attributed to residual water in the 
electrolyte. In a ll experiments using lithium perchlorate a white 
precipitate was produced, which was identified as M-iodoacetamide 
(equations 4.1, 4.1a>.
OH+ i
CH3C =N I + H20  — CH3C = N I  + H* 4.1
I
o
II
C H jC -N H I 4.1a
I t  was postulated that M-iodoacetamide could act as a 
second iodinating agent since the white precipitate disappeared on
addition of aromatic substrates. This was confirmed by synthesizing
the compound independently and testing its  reactivity with anisole. 
I t  proved tD be an effective iodinating agent, provided that a 
strong acid was present.
When tetraethyl ammonium perchlorate was used in place of 
the lithium salt, the oxidation was complete after the passage
of 2.3 F /  mol, and no precipitate was observed. This reflects the 
difficu lty  of obtaining lithium salts free from moisture.
In a subsequent publication7, S ille r and Watkins reported 
on a detailed study of the reactivity of the electrochemically 
generated iodine <I>, aimed at elucidating the mechanism of aromatic 
iodination. Using a system of acetonitrile -  tetraethylammonium 
perchlorate to generate the reactive species, competition experiments 
were conducted using pairs of aromatic substrates and relative 
rates were evaluated. These led to a linear Hammett plot with a 
p* value of -6.27. From this, i t  was concluded that the classical 
mechanism of electrophilic substitution was in operation, as set 
out in equation 4.2, where B is a base of unknown identity. High 
positional and substrate selectivity was indicative of rate-limiting  
formation <ki) or destruction (k2> of the o—complex via transition 
states with considerable positive charge localised in the ring.
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Experiments were also conducted with specifically deuterated 
substrates to gain information on kinetic isotope effects.7 The 
changes in isomer distribution between reactions involving anisole, 
toluene and chlorobenzene and their para-deuterated counterparts led 
to estimates of kn/ko of 1.45, 1.54 and 4.46 respectively. Similar 
experiments with dfe-benzene and 3-d-ethyl benzoate provided values 
of 2.25 and 1.50. These results indicated that the C-H bond is 
broken in the rate-limiting step, hence i t  issas concluded that k2
was partially or totally  rate-lim iting in a ll cases. The non-linear 
variation of kn/ko with o** was discussed in terms of variation
of transition state structure as a function of substituent, i.e . in 
terms of the extent of proton transfer. The large value observed
for chlorobenzene was associated with a high degree of symmetry 
in the transition state.
The other possible interpretation of the variable isotope 
effect, i.e . a change in the rate-limiting step between activated
and deactivated substrates was effectively dismissed by B iller and 
Vatkins7. Assuming a steady-state concentration of the o—complex and 
no secondary isotope effect on ki or k - i , they set up equations 
to express the dependence of kH/k±> on k2H/fc2D and kz /k -i. Solving 
such equations with the measured kH/ko values for chlorobenzene
and toluene led to an unrealistically large k^/fcsi0 value 012) in 
the case of toluene. Furthermore, a change in rate-lim iting step 
would have been manifested as a non-linear Hammett plot, which was 
not observed.
Miller and Vatkins7 also generated electropositive iodine 
in dichloromethane, using tetraethylammonium tetrafluoroborate as the 
supporting electrolyte. Kinetic experiments performed in this medium 
resulted in strikingly different relative rates, compared to those 
found in acetonitrile. The associated Hammett plot produced a p* 
value of -2.85 Ccf. -6.27 in MeCET), This difference was attributed 
to a number of factors, e.g. differences in solvent basicity, the 
ability  to complex I*  and the nature of the base B in equation 
4.2. Although the reaction in dichloromethane was found to be less
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selective between pairs of substrates, the regioselectivity of the 
substitution was somewhat higher. The halobenzenes were iodinated 
with significantly greater para-selectivity in dichloromethane than 
in acetonitrile.
The I*  species produced by M iller and Watkins7 was found 
to be roost effective with moderately electron-rich compounds. Never­
theless, reasonable yields of laeta-iodinated products were obtained 
when the reagent was added to benzoic acid or ethyl benzoate. 
Attempts to iodinate even more electron-deficient compounds failed. 
The problem of iodinating deactivated aromatic compounds was later 
addressed by Lines and Parker®. They found that anodic oxidation 
of iodine in solvents containing trifluoroacetic acid produced a 
more reactive iodinating species. Using a mixture Df 1 : 9  TFA -
1,2-dichloroethane, a reagent capable of iodinating even the most 
deactivated compounds, such as nitrobenzene and benzonitrile, was
produced. Tetrabutylammonium tetrafluoroborate was used as the 
electrolyte in this work.
In contrast to the work of Miller e t  a l.6-7, Lines and 
Parker® found their reagent tD be unstable and higher yields 
were obtained when the aromatic substrate was present during the
electrolysis. The nature of the iodinating species is  less clear 
than in the case of acetonitrile, but CF3 CQ2" I *  is an obvious
candidate. However, as Lines and Parker pointed out, this compound 
has been characterised and used as an iodinating agent.® The 
reagent produced in 1,2-dichloroethane was apparently much more 
reactive.
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electrolysis in different solvent mixtures. The iodination of 
nitrobenzene failed completely in 10% TFA in acetonitrile and in 
dichloromethane. When 10% TFA was added to dichloromethane, a 47% 
yield of 3-iodonitrobenzene was obtained. In 1,2-dichloroethane -
10% TFA, the yield increased to 78%.
Lines and Parker® also carried out experiments to examine 
the effect of TFA content on the iodination of nitrobenzene in
1,2-dichloroethane. Their results are tabulated below.
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Some interesting results were obtained by performing the
% TFA Yield of 3-iodonitrobenzene
0 0
1 47
5 57
10 78
20 65
A decrease in yield was seen when the TFA content was 
increased above 10%. This was attributed to a reduction of iodine 
solubility in the electrolyte.
Electrochemical studies of iodine oxidation have also been 
conducted by Kargin and coworkers.10- 12 They oxidised iodine at a 
platinum anode in acetonitrile containing 0.1 H tetraethylammonium 
tetrafluoroborate as the electrolyte. The anDlyte was then used in 
conqjetitive iodinations of benzene and toluene. In dry acetonitrile, 
an iodotoluene /  iodobenzene molar ratio of 170 was determined, with 
an iodotoluene isomer distribution (by g.c.) of 43% o r th o  and 57% 
para . Addition of 0.5 M water to the anolyte caused a marked drop 
in current efficiency (i.e . in reaction yields), but also made the
reaction much more selective. The iodotoluene / iodobenzene ratio was 
increased to 530. With reference to the work of Miller e t  a l . &,
this was attributed to M-iodoacetamide formation (equation 4.1a), the 
covalently bound I s* being less reactive and hence more selective.
In a separate study11 -12 in which toluene and benzene were 
apparently present during the course of the electrolysis, the rate 
ratio was estimated as 315, much higher than that found by M iller
and Watkins.7 The authors suggested that the radical cation, Iz**, 
might be involved in the reaction, thereby accounting for the 
greater selectivity on the grounds of lower electrophilicity.
In the same publications11 *12, the preparation of I*  using 
sodium perchlorate in acetonitrile as electrolyte was described. 
Fallowing electrolysis, evaporation of the solvent afforded a cream- 
coloured powder, which Gaused spontaneous ignition when added to 
benzene. Iodobenzene was nevertheless detected In the products, as 
was acetonitrile. Analysis of the powder by i . r .  spectroscopy showed 
the absence of a CsM stretching band at ^2100cm-1, from which i t  
was concluded that the structure proposed by Miller e t  a l.s,
CHsC'^HI, was correct.
This view was shared by Shono et a l.13 who reported on 
the possibility of electricity  storage using the iodine -  n itr ile  
system. Iodine was oxidised in various solvents to test them as 
donors for the formation of stable iodonium complexes. Electrolysis 
of the various systems was conducted in a two-compartment cell 
using lithium tetrafluoroborate as the supporting electrolyte. The 
passage of 0.2 F /  mol Is caused the potential between anode and
cathode to increase from Vi to Yz. The cell was then discharged 
from Vz to Yi using a load of 10Q to measure the efficiency of 
recovery of electricity. Recoveries in excess of 70% were obtained 
from systems involving n itriles , and the authors proposed that such 
systems could possibly be used as storage batteries.
Returning to the subject of aromatic iodination, Shono and 
coworkers14 reported in 1989, that higher para-selectivity could be 
achieved by generating nI +n in trimethyl orthoformate (THDF) solution.
Hydrated lithium perchlorate (LiClCLi. 3BbO) was used as the supporting 
electrolyte. In the same manner as Miller e t  a i.s' 7 used their I*
-  acetonitrile reagent, Shono e t  a l .14 found i t  necessary to preform
their I*  -  TMDF reagent, and then to add i t  to solutions of the 
substrates to be iodinated. The reagent was found to be effective 
in the iodination of benzene, toluene, t-butylbenzene and anisole, 
but i t  failed to react with chlorobenzene. O rtho -para  ratios were 
found to be 30 : 70 for toluene and 13 : 87 for anisole; while 
t-butyl benzene gave essentially only the para-substituted product.
The iodonium cation, solvated by acetonitrile, has also been 
produced by chemical means. Vinfield et a l .1s*1s showed that, in the
solvent, iodine was oxidised by the hexafluorides of molybdenum and
uranium to yield " I*  MoFe"" and " I*  UFs- " respectively. The reactions
were carried out by adding the metal hexafluorides to frozen
solutions of iodine in acetonitrile, then allowing the mixtures to 
warm to room temperature. The brown solutions became pale yellow 
as the iodine was oxidised and solid products were obtained on 
removal of the volatiles. Elemental analysis showed the compounds
to contain two molecules of acetonitrile per iodanium cation, 
consistent with the formulae CICNCMe)23CMqF63 and CI<NCKe)23CUFS3. 
Supporting evidence for these structures was provided by low 
temperature Raman and i . r .  spectroscopic data which implied the 
presence Df a cenhrosymmetric M-I-N unit.
In studying the chemistry of these compounds, Anderson and 
Winfield16 found that they readily iodinated aromatics such as 
benzene, toluene, anisole, aniline and salicylic acid when mixed in 
acetonitrile. A f amil ia r  o r th o /p a r a  orientation of attack was found. 
I t  is therefore reasonable to assume that the reagent produced 
electrochemical ly by Miller and Watkins7 was in fact the same 
species, although cross-referencing between "organic" and "inorganic" 
publications seems negligible, Further studies on [ IGTCMe^JCMbF  ^
showed that i t  oxidised Cud) to Cu(II>, NO to NO* and thallium 
metal to a mixture of T1<I> and T K II I ) .  I t  was also shown that 
thallium ( I I I )  hexafluoromolybdate in acetonitrile solution oxidises 
iodide to iodine, and then to I* , thus generating CI <NCICe)s3 [MoFs3 
i n  s i t u .  I t  was suggested that such a process could possibly be 
involved in iododethalliation (see Section 2.1.2, p.75).
Klapotke and coworkers17-1 ® have also prepared compounds in 
which the iodanium cation is solvated by acetonitrile, with hexa- 
fluoroarsenate (V) as the counterion. By mixing Ia+AsFe" with one 
equivalent of acetonitrile in sulphur dioxide solution, the mono- 
solvated compound, CMeCNI3*CAsFe3_ , was produced :
SO
- MeCN + Ig A s F ”  — £  [jV leCN lJ [A s fJ |  + | 2 4 . 3
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Tlie solvent, and by-product iodine, were removed in  vacuo
to give a 95% yield of the product. When a second equivalent of
acetonitrile was added, C(MeQDsH*CAsF©3-  was obtained.17
Such reactions were found to be very solvent dependent.
The driving force behind equation 4.3 seems to be the insolubility
of iodine in SQz. The reaction did not occur in SO^ Clz or SOzCIF 
in which iodine is soluble. When the product, EHeCNTI*! A sF g 3 ~  (formed
in SQz> was added to iodine in SO2CI2 , the reverse reaction took 
place, and pure Is*AsFe~ was isolated.13
Reactions between Is^AsFe” and other n itriles  have also
been examined.13 Whereas MbCN and ICBT react with to give
[HeCMII* and [ ICBT3* respectively, CFsCff and BrCN do not react.
This gives an indication of the ligand basicity required for
stabilisation of I*  and explains why acetonitrile is  the solvent
of choice for electrochemical work.
To conclude this section, i t  would seem appropriate to
mention another positive iodine compound produced chemically rather 
than electrochemically, namely bls(pyridine>lodonium(I) tetrafluoroborate 
(IPyzBF*). This reagent has been studied extensively by Barleunga 
e t  a l . , originally in the iodofluorination of alkenes, but more 
recently in aromatic iodination.20*21
The compound was used in conjunction with acids (HBF* or
CFsSOsH) to iodinate a wide variety of simple arenes. Reactions 
were performed at room temperature in dichloromethane using arene, 
IPyzBF* and acid in a 1 : 1.1 5 2.2 stoichiometry, Iodination was 
acconpanied by the precipitation of large amounts of pyridinium
-192-
-193-
salt, i.e . :
IPy2BF4 + 2CF3S 0 3H — ► l+BF4'  ♦ 2CF3SO; [PyH]+ 4.4
With regard tD equation 4.4, the acidified reagent would 
seem to behave as a solution of I^ BF.*-  in dichloromethane and 
can thus be considered equivalent to the reagent produced electro- 
chemically by Miller and Watkins7, using the CBhCl=> -  Bu/jJT* BF*-
system (see p .186).
Barleunga et a l.31 found that the HBF^ . -  IPyzBF^ . reagent 
was quite adequate for the iodination of most aromatic substrates, 
giving yields of 90% or more within minutes with alkylbenzenes.
However, yields were considerably lower with less electron-rich 
substrates and the reagent failed to react with methyl benzoate 
or nitrobenzene. For the iodination of deactivated compounds, the 
CF3SQ3H -  IPyzBF/j. reagent proved to be greatly superior; benzoic 
acid, methyl benzoate, benzaldehyde and nitrobenzene were a ll jaeta- 
iodinated with yields in excess of 80% after 10 -  14 hours.
The activation of electrophilic iodine by the addition of 
t r i f l ic  acid has also been reported by Olah and coworkers.22 They 
found that a mixture of CFsSOaH and M-iodosuccinimide (MIS) produced
an iodine electrophile capable of reacting with even the most 
deactivated of substrates. Direct comparison with Barleunga e t  a l l s 
IFyzBF* may however be somewhat inappropriate since MIS was used 
in neat CF3SQ3H solution. The reactions did not proceed in aprotic 
solvents such as dichloromethane.
4.2.1 Production of Iodine (I) Species 
(a) Apparatus and Materials.
Experiments on the electrochemical oxidation of iodine were 
carried out using a two-compartment cell as depicted in Fig. 4.1. 
The anode chamber, with a capacity of around 40 mis, was separated
from the smaller cathode chamber by a Grade 4 glass sinter disc 
with a diameter of 25mm. The anode chamber was furnished with a
gas inlet tube, so that the anolyte could be maintained under an
atmosphere of dry nitrogen. The passage of nitrogen gas in the 
vicinity of the electrode also helped to agitate the solution.
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4.2 Experimental
Fig. 4 .1 -  Electrochemical Cell
A platinum electrode was constructed by spot-welding a Pt 
wire to a piece of Pt fo il <25mm x 30mm x 0.025mm>. The Pt wire
was in turn spot-welded to a Ni wire and then embedded in a
6mm o.d. glass tube. The electrode was held in position in the
anode chamber using a standard Quickfit thermometer holder.
Power was supplied by means of standard laboratory D.C. 
supply, capable of delivering 30 V at up to 1 A. Electrolytes were 
purchased from Aldrich <Bu4N BR#, LiBF*, CFaSOsLi) or Fluorochem (LiPF©, 
LiSbF©) and used without further purification.
Cb) Exploratory Experiments with the Acetonitrile -Tetrabutylanuaanium 
Tetrafluoroborate System
In itia l experiments were conducted using a 0.1 K solution
of tetrabutylammonium tetrafluoroborate (Aldrich) in dry (distilled  
from CaHz) acetonitrile. Perchlorates were avoided for reasons of . 
safety. In a typical experiment, iodine (0.5g) was placed in the 
anode chamber, together with a small magnetic s tirrer bar. The cell 
was then fille d  with the electrolyte solution so that the anode 
chamber contained ca. 40 mis. A slow stream of dry nitrogen was 
introduced and the solution was stirred until a ll  the iodine had 
dissolved. A potential difference of 30 volts was then applied 
between the platinum anode described above, and a graphite rod 
which served as the cathode. In the in it ia l stage of such an 
experiment, a current of 0.2 -  0.3 A was typical. This decreased 
steadily as the iodine colour faded from brown to pale yellow 
during the course of the electrolysis.
I t  rapidly became apparent that several modifications had 
to be made to the experimental procedure. Firstly, i t  was found
necessary to immerse the cell in an ice-bath while electrolysis 
was in progress. The passage of relatively high currents had a 
significant heating effect; the glass sinter disc separating anode 
and cathode chambers became quite hot and in some cases local 
bailing of the acetonitrile was observed.
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I t  was also found necessary to use a nickel spatula as 
the cathode In place of a graphite rod. Discharge of the te tra - 
butylammonium cation at the graphite caused i t  to fracture and
resulted in  the rod being reduced to a powder within minutes. No
such problems were encountered using a nickel cathode and pale
yellow or colourless solutions of WI* H were prepared routinely.
Solutions of the reagent were found to be unstable
at room temperature, rapidly turning brown as iodine ms liberated.
However, when protected from moisture and kept in  a freezer, they
could be stored for long periods without noticeable decomposition.
In order to estimate the coulometric n value fo r the oxidation,
0.2536g <1 mmol) portions of iodine were completely oxidised and the
number of coulombs required was evaluated. This was achieved by
recording the current at timed intervals, p latting current against 
time and estimating the area under the curve. An example is  given
below
Time /  mins. I  /  A
0 0.19
1 0 .2 0
8 0.19
23 0.13
27 0.10
32 0.09
38 0.07
44 0.06
60 0.05
background  0.045
t/mins
Fig. 4,2 : Plot of Current vs . Time for the 
Oxidation of Is (Immol) in HeCN
Amps x seconds = coulombs (C>
Area under curve = 208.5 C 
1 Faraday CF) = 96487 C
208.5 C = 2.16 x 10~3 F 
.*. 2.16 F /  male Iz
Further estimates of the number of coulombs passed gave
consistent results in  the range 2.0 -  2.2 F /  mole Iz. Thus i t  is  
clear that iodine is  completely oxidised to the +1 state in 
accordance with equation 4.5 :
(c) Use of Iodide Ions as the Iodine Source
I f  these electrochemical methods are tD be used in  radio-
labelling, i t  must also be possible to generate I*  by the anodic 
oxidation of iodide ions, since radioisotopes are usually supplied 
as Sal. To demonstrate th is, an experiment was carried out using 
Bu/N* 1“  <G.739g, 2 mmol) as the iodine source. As in  part Cb) above, 
0.1 M BU4M* BFa~ in aceton itrile  was used as the electrolyte. The 
application of 30 V resulted in  the instantaneous formation of 
brown Iz in the v ic in ity  of the anode. On prolonged electrolysis, 
the brown solution gradually became pale orange as I*  was formed,
but a white suspension, thought to be N-iodoacetamide, was also 
produced. Complete oxidation was not realised in  th is  experiment; 
the current fe l l  to zero while the anolyte was s t i l l  orange and
a flocculent precipitate was observed in  both ce ll compartments.
2 + 2e~ 4.5
Subsequently, complete oxidation Df I~ to I*  was achieved 
using a s ligh tly  modified procedure. The electrolyte concentration 
was doubled to 0.2 II and 1ml of glacial acetic acid was added 
to the cathode compartment to fa c ilita te  hydrogen evolution as a 
cathode reaction. In th is  way, 2 mmol of I~ was fu lly  oxidised in  
around 2 hours. This result would seem to indicate that starting 
from iodide ions presents no special problems.
<d> U.V. Spectrophotometric Monitoring of Iodine Oxidation
Anodic oxidation of iodine, under the conditions described 
in  section (b), was followed by U.V. spectrophotometry. Aliquots of 
0.1 ml were removed from the anode compartment during the course 
of the electrolysis and added to  2 u lL portions of dry acetonitrile 
in a U.V. ce ll. Before commencing electrolysis, a solution of iodine
and tetrabutylammonium tetrafluoroborate in  aceton itrile  exhibited 
absorbances at 213 , 288 , 362 and 460 nm (Fig. 4.3). Within seconds of 
applying a voltage to the system, the absorbances at 288 nm and
362 nm were lost. This couid possibly be explained in  terms of
some iodide in  the in i t ia l  solution, since the absorbance at 362nm 
could be attributed to the t r i  iodide ion. During the subsequent 
oxidation of iodine, typ ica lly  over 30 -  45 minutes, the absorbance 
at 213 nm intensified, the absorbance at 460 nm disappeared and a 
new, intense absorbance appeared at 260 nm. (Fig. 4.3.)
- 1 9 8 -
- 1 9 9 -
Fig. 4.3 -  U.V. Spectra Recorded at Timed Intervals During Anodic
Oxidation of Iodine
a - prior to commencement of electrolysis, 
b--ca. 30 secs, a fter the application of 30 V.
C- after 9 mins. 
d- after 15 mins.
Subsequently, the absorbances at 213 and 260nm continued to 
intensify, and were off-scale after 30 minutes.
of iodine in  the aceton itrile  -  BuaN* system yielded a pale
yellow or colourless solution of I*. The concentration of I*  was
estimated by assuming complete oxidation of the iodine placed in  
the anode chamber, in  accord with equation 4.5, Portions of such a 
solution were then reacted with approximately equimolar amounts of 
various arenes and the products were examined by ’ H NMR. The 
results of these experiments are summarised as follows :
(i> Toluene
Toluene <1 mmol) was stirred  overnight with one equivalent 
of I*  solution. The mixture vias then poured into water and the 
organic products were extracted in to chloroform. NMR analysis showed 
iadotoluenes to be the sole products, with an isomer distribution 
of 33% o r th o  and 67% para .
<ii) Anisole
Using the same procedure as outlined above, anisole also 
reacted cleanly, yielding only iodoanisoles. The para-isomar was the
principal product; the amount of o-iodoanisole ms estimated to be 
less than 5%.
( i i i )  Chlorobenzene
Repeating the procedure with chlorobenzene also resulted in  
complete conversion to iodinated products. The isomer distribution 
was sim ilar to that seen with anisole, i . e .  95% p-chloroiodobenzene
and 5% o-chl o rd  odobenze ne.
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4 . 2 . 2  P r e p a r a t iv e  E x p e r im e n ts
A s  d e s c r ib e d  i n  t h e  p r e c e d in g  s e c t i o n ,  t h e  a n o d ic  o x i d a t i o n
Civ) Benzoic Acid
s tirr in g  1  m m o l of the substrate with a twofold excess D f  the 
iodinating agent fpr 24 hours. The organic products were obtained
by pouring the reaction mixture into 4If aqueous HC1 and washing
with ethyl acetate. The combined organic extracts were extracted 
with portions of 3M aqueous NaOH, which were subsequently pooled, 
acidified and re-extracted with an ethyl acetate -  diethyl ether 
mixture. NMR analysis Cds-DMSO solution) showed the benzoic acid to 
be extracted unchanged.
I t  proved d if f ic u lt  to remove a ll traces of the te tra -
butylammonium cation from the products. A ll 1H NMR spectra of
organic products featured weak but persistent signals from Bu^N* 
protons. To avoid th is, and to study the reactions of I*  d irectly
by ’ II MR and without isolation processes (.vide  in fra ), anodic 
oxidation of iodine was studied using an inorganic electrolyte,
lithium  te tra f luoroborate. The sa lt was obtained from Aldrich as an 
off-white powder, and was used at a concentration of 0.5 S in  dry
acetonitrile in exploratory experiments. Oxidation of iodine at the 
anode was accompanied by the deposition of a dark grey coating
of lithium metal on the nickel cathode. In some experiments, 
particles of Li became suspended in  the solution and rapidly
reacted with atmospheric moisture and/or iodine. In order to avoid 
such conplications, i t  was found convenient to remove the Li
coating at intervals by immersion of the cathode in  water.
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The r e a c t io n  o f  I *  w i t h  b e n z o ic  a c id  w as a t te m p te d  b y
The lithium tetrafluoroborate -  aceton itrile  system proved 
to be very convenient fo r the generation of I*  and was used in  
many subsequent experiments, The preparative experiments outlined
above were repeated with I*  generated in  the presence of LiBR*, 
and, as expected, the results were unaffected by the change of 
cation.
4.2.3 Other Solvents
Anodic oxidation of iodine was attempted in  a variety of
alternative solvents, using in  each case 0.2 S tetrabutylammonium 
tetrafluoroborate as the electrolyte. Iodine was apparently oxidised 
in  DMF and DMSO, but the resulting pale yellow anolytes did not 
iodinate toluene. Yery l i t t l e  current flowed when the electrolysis 
was attempted in propylene carbonate or in  trimethyl orthoformate
(TM0F>, the solvent used by Shono et a l.14 However, the addition of
a small amount of water to the TMDF solution allowed a moderate 
current to flow.
(i)  The 5% Water in  TMDF -  Lithium Tetrafluoroborate System
A solution of lith ium  tetrafluoroborate <2.5g) in 50 mis of 
TMOF was prepared. To th is  was added 2.5 mis D f  water. This medium 
was used for the oxidation of 0.5g of iodine.
Application of 30 Y resulted in  an in i t ia l  current of 
0.20 A. Hydrogen was of course evolved at the cathode. After ca.
90 minutes a pale yellow solution was obtained, which was used to 
test Shono’ s claim of higher para-selectivity in  the iodination of
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toluene. The analyte was added t D  0.2g of toluene in  a few mis 
of THOF and the mixture was s tirred  overnight.
Chloroform extraction, followed by analysis of the products 
by 'H MR spectroscopy, revealed complete conversion to iodotoluenes.
Integration led to an estimated isomer d istribu tion of 70 -  71% 
p a r a -  and 29 -  30% ortAo-iodotoluene, in  agreement with the result 
of Shono14, but only marginally more para-selective than was found
in acetonitrile <67% : 33%).
< ii) The P iva lon itrile  -  Tetrabutylammonium Tetrafluoroborate System
In view of lite ra tu re  accounts of positive iodine species 
and the findings of the aforementioned experiments using other
solvents, I t  would seem that n itr i le s  are the best solvents fo r 
the iodonium cation. P iva lon itrile  (triiaethylacetonitrile) was chosen 
as an alternative n i t r i le  in  order to ascertain whether the 
properties of " I* "  could be modified by a change of solvent. I t  
was thought that solvation of the iodonium ion by the bulkier
n it r i le  may have led to higher para-selectivity in  reactions such
as that with toluene.
Iodine was oxidised in  p iva lon itrile  using 0,1 I  tetrabutyl-
ammonium tetrafluoroborate as the supporting electrolyte. The current 
on applying 30 V was low, only 0.03 A. Despite th is , the iodine was
completely oxidised when the electrolysis was allowed to proceed 
overnight. An almost colourless " I* "  solution was obtained. This was 
s p lit  Into two portions and used in  reactions with anisole and 
toluene.
Iodinatians were allowed to proceed overnight. Subsequent 
extraction and NKR analysis showed that both substrates had been 
cleanly iodinated. In the case of anisole, jp-iodoanisole was the 
only significant product. A snail amount of o-iodoanisole was 
detected, but th is  amounted to no more than 2 -  3%. Iodotoluenes 
were obtained in the fam ilia r isomer d istribution of 67% para  
and 33% o r th o . The bulkier solvent was thus shown not to have 
any effect on the regioselectivity of the iodine electrophile.
4.2.4 Other Electrolytes -  The Effect of the Counterion
Following the successful use of lith ium  tetrafluoroborate
as a supporting electrolyte, several other lith ium  salts were 
examined to ascertain whether the properties of " I* "  could be 
modified by a change of anion.
( i)  Lithium trifluaromethanesulfonate
Following the observation of Barleunga e t  a l , 21 that the
addition of trifluoromethanesulfonic acid to IPy2 BF^  produces a 
more powerful iodinating agent, experiments were carried out with 
lith ium  trifluoromethanesulfonate to find out whether the change of 
anion would have a sim ilar effect on electrochemically produced 
positive iodine. The lith ium  sa lt was obtained from Aldrich as a 
white powder, A solution of  ^ 0.25 H was prepared by dissolving 
2 .4g of the compound in  60 inis of dry acetonitrile.
Electrolysis was carried out in  the usual manner with 
1 mmol of iodine in  the anode chamber. A reasonable current was 
obtained, 0.11 A. The iodine colour faded slowly as lith ium  metal 
was deposited at the cathode. In the la tte r stages of the process
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the lith ium  mstal appeared to be attacked and a yellow suspension 
was produced. This would suggest some migration of iodine to the 
cathode compartment resulting in  lith ium  iodide formation.
Tlie positive iodine species obtained from th is  system is
perhaps best described as CF3SO3-  IMeCH-I*]. I ts  reactiv ity  was 
tested in reactions with toluene and benzoic acid.
The reaction with toluene was carried out in  the same
manner as the experiments described in  the preceding section. The 
subsequent extraction Df the mixture afforded only iodotoluenes, but 
with a reduced para-selectivity. From NMR integration, the isomer 
d istribution was estimated as 41% o r th o  and 59% para .
The reaction with benzoic acid was also performed as
described previously (Section 4.2.2 -  part (iv ), p.201>. Whereas the 
earlier experiment, using LiBF4, had not shown any reactiv ity  of I*  
towards the deactivated substrate, the experiment using CFsSOsLi was 
indicative of some reaction. The main component of the reaction 
mixture was s t i l l  unreacted benzoic acid, but additional signals in  
the NMR spectrum were suggestive of ca. 40% conversion to m-iodo-
benzoic acid. The signals were however poorly resolved and the 
identity of the product was not confirmed by further experiments.
< ii) Lithium Hexafluorophosphate
Lithium hexafluorophosphate was obtained from Fluorochem as
a white solid. Fumes were evolved when the compound was weighed
in  a ir and i t  was noticed that a solution in  aceton itrile  etched 
the inner surface of a Pyrex beaker. In th is  respect, the compound 
behaved quite d iffe ren tly  to lith ium  tetrafluoroborate.
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In an in i t ia l  experiment, 2.3g of LiPF© was dissolved 
in  60 mis of dry aceton itrile  to give a solution of - 0.25 M. 
Oxidation of 1 mmol of iodine was attenpted in  th is  medium. When 
a potential difference of 30 V was applied, an in i t ia l  current of
0.40 A was observed. This decreased sw iftly  to 0.30 A within five  
minutes. A brown suspension was produced in the cathode compartment 
while the contents of the anode compartment became black. In order 
to determine whether any iodine oxidation had taken place, the 
anolyte was stirred overnight with * 1 mmol of toluene. The toluene
was extracted unchanged.
Interaction of the PF©~ anion with the nickel cathode was 
a possible reason fo r th is  fa ilu re . When the nickel spatula was 
replaced by a second platinum fo i l  electrode, some improvement was
noticed; the brown colour of the iodine solution faded somewhat 
during the early stages Df the electrolysis. However, a brown 
suspension /  precipitate was again seen in the cathode chamber and 
eventually the anolyte turned black. These problems were fin a lly  
overcome by adding 3 - 4  mis of glacial acetic acid to the 
cathode chamber to fa c ilita te  hydrogen evolution as the eathodic 
reaction. In th is  manner, a pale yellow solution of " I* '” was 
produced.
The reactiv ity  of the reagent was tested by s tirr in g  half
the contents of the anode chamber with toluene (92mg, 1 mmol) fo r 
ca. 14 hrs. Chloroform extraction was then performed in  the usual 
manner, and subsequent NMR analysis led to an estimated product 
isomer distribution of 52.5% o r th o  and 47.5% para-iodotoluene.
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Lithium hexaf luoroantimonate ms obtained from Fluorochem as 
a black solid. In an in i t ia l  investigation, 3.75g of the solid ms
weighed into a beaker and 60mls of dry aceton itrile  were added. 
This would have made a solution of = 0.25 M, but the coupound did 
not dissolve fu lly . The fine suspension of black particles was 
transferred to the electrochemical ce ll, which contained 1 mmol of 
iodine in the anode chamber. Application of 30 V resulted in  a
large current of 0.43 A. Lithium metal was deposited on the nickel
cathode. A fa in t l i la c  colour developed in  the catholyte at f i r s t ,  
but subsequently the solution around the cathode turned yellow and 
ultimately, was rendered opaque by a brown suspension. As in  part
( i i )  above, the anolyte from the fa iled  experiment was s tirred  with 
same toluene to see i f  any X* had been generated, but as before, 
no iodotoluenes were detected.
As with lith ium  hexafluorophosphate, these problems were 
remedied by adding a few mis of glacial acetic acid to the
cathode chamber. Using platinum fo i l  fo r both electrodes, a solution 
of 3.5g LiSbFs in  60mls aceton itrile , and 5 mis of AcOH, a current
of 0.28 A ms observed. As hydrogen was evolved at the cathode, 
the iodine colour faded in  the anode chamber leaving a dull
□range solution of " I*  SbFe” " .
Once again, toluene was used as a substrate in examining 
the reactiv ity  of the I*  species. The experiment was conducted on
the 1 mmol scale and terminated after ca. 14 hrs. Iodotoluenes were
produced with an isomer d istribu tion of 50.5% o r th o  : 49.5% para.
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( i i i )  L i t h i u m  H e x a f lu o r o a n t im o n a te
Following on from the Radner and Sugiyama reactions 
performed on para-deuterated substrates (Sections 3.2.3 and 3.4.2, 
respectively), some of the I*  solutions produced as described in  
the preceding sections were used analogously in  reactions with 
t4--2H3-toluene. The results of these experiments are summarised 
below :-
(i) Acetonitrile -  LiBF^ t
As described in  Section 4.2.2, iodine was fu lly  oxidised in  
acetonitrile containing 0.5 If LiBF4. To C4-2HI-toluene <93mg, 1 mmol) 
was added ca. 1 .1  equivalents of the I*  solution and the mixture 
was stirred  for 2 hours. The organic products were then extracted 
in  the usual manner. NMR analysis showed the only products to be
iodotoluenes, but in  a s ign ifican tly  altered isomer d istribution of
79.5% o r th o  and 20.5% para . This marked deviation from the normal 
33% o r th o  : 67% para  was somewhat unexpected, although M iller and 
Watkins7 reported a sim ilar resu lt with [4 -2H3-toluene (77.2% o r th o  : 
22.8% p a ra ). A correlation with M ille r and Watkins* result for the 
deuterated substrate was however. ' not anticipated, since they found 
a 50 : 50 mixture of isomers with normal toluene, not the 33 : 67 
encountered throughout th is  work.
The iodination of C4-2H]-toluene under the aforementioned 
conditions was carried out fo r a second time, but rather than
terminating the reaction after 2 hours, the mixture was allowed
to s t ir  fo r 100 hours. Extraction afforded iodotoluenes in  the 
ra tio  81% o r th o  : 19% para .
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< ii) Acetonitrile -  LiPFe
The X* solution produced using LiPFe as the electrolyte 
(Section 4.2.4 -  <ii)> was also used in  a reaction with 1 mmol of 
[4-sEn -toluene. After ca . 16 hours the products extracted were 77% 
2-iodo-E4-2H3-toluene and 23% 4-iodotoluene.
( i i i )  Acetonitrile -  LiSbFe
The " I-SbFe-” generated as described in  Section 4.2.4 -  ( i i i )  
was also reacted with £4-2HJ-toluene, as in  part < ii), above. The 
products were extracted in  exactly the same isomer d istribution as 
from the " I*PFs“ " experiment; 77% o r th o -  and 23% para-iodotoluene.
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In order to follow the reactions of the positive iodine
species by 1H NMR spectroscopy of the reaction mixture, some 
electrochemical oxidations were carried out in  db-acetonitrile,
CD3CN. A ll experiments conducted in  th is  solvent were performed 
under identical conditions. Lithium tetrafluoroborate was used as 
the supporting electrolyte.
In each experiment, 1 mmol of iodine (0,254g) was placed 
in  the anode compartment of the ce ll as described previously. A
solution of lithium tetrafluoroborate (0.5 M> in  CD3CN was added so 
that the anode compartment contained 25 mis. Complete oxidation was 
assumed to give a solution of 0.08 I  " I*".
(a) Equimolar Conditions
Solutions of various aromatic substrates were prepared in  
CD3CI at 0.08 M, so that 0.5 ml portions contained =;4 x 10~s moles. 
Such 0.5 ml portions were combined with 0.5 ml portions of the 
" I * w solution, to give reaction mixtures of 1 ml. After shaking, ha lf
of the mixture was pipetted in to an NMR tube and spectra were
accumulated at timed intervals. The results of these experiments 
are summarised below
( i)  Toluene
Iodination occurred before the sample could be transferred
to the spectrometer. Iodotoluenes were produced with the fam iliar
isomer distribution of 67% para  and 33% ortho. Vith a deficiency 
of toluene, polyiodinatian occurred readily; the presence of 2,4-di-
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iodotoluene was apparent from the spectrum. With a greater excess 
of iodinating agent, 2,4,6-triiodotoluene (s, £=8.28ppm) was produced.
( i i )  Anisole
As in the case of toluene, the reaction was complete 
before a spectrum could be recorded. The only significant product 
was p-iodoanisole; the amount of the o-isomer was ndnimal, the
signals being barely detectable in the spectral noise. With an
excess of " I* " , p-iodoanisole readily underwent further iodination 
to give 2,4-diiodoanisole.
( i i i )  2-Phenylpropanoic Acid
Not unexpectedly, th is  compound showed reactiv ity  similar
to that of toluene, but with increased para-selectivity due to
steric  constraints. I t  was completely iodinated within minutes to 
give predominantly the para-substituted product. The amount of the 
o-isomer was estimated to be less than 10% (of. toluene - 33%).
(iv) Fluorobenzene
The iodination of fluorobenzene was also found to be very
rapid and was complete within a few minutes. The product was
almost exclusively p-fluoroiodobenzene, with only a trace of the o-
isomer.
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The iodination of chlorobenzene was found to be much more 
convenient to study on an MR timescale, taking around an hour at 
the concentrations employed. Over such a time-period the conversion 
to chloroiodobenzenes could be readily followed, the products being 
formed with an isomer d istribu tion of around 95% pa ra  and 5% 
o r th o .
(v i > Iodobenzene
Iodobenzene was found to react at qualita tive ly the same 
rate as chlorobenzene. The principal product was p-diiodobenzene, 
resulting in  a single peak at S -  7.46 ppm.
(v ii)  Benzoic Acid
No reaction was observed.
<viii> Triphenylgermane, PhsGeH
Three equivalents of the iodinating agent were added to a 
solution of triphenylgermane in  ob-acetonitrile, Sapid demetallation
occurred resulting in  the formation of iodobenzene. This reacted 
further to give some 1,4-diiodobenzene. This reaction is  discussed
in greater detail in  Chapter Five (p. 258).
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( v )  C h lo ro b e n z e n e
Solutions of the iodinating species in  dh-acetonitrile were 
prepared using 0.25 H lith ium  tetrafluorohorate as described in 
section (a), and used in  a series of kinetic experiments with 
simple aromatic compounds. Stock solutions of benzene, fluorobenzene, 
chlorobenzene, iodobenzene and toluene were prepared at 0.02 H in  
CD3CN. Reaction mixtures were prepared by placing 0.25ml aliquots 
□f these solutions in  via ls and making up to 1ml with, various
amounts of the " I*" solution and CD3CN. For example, 0.25ml 0.02 H
ArH + 0.5ml CD3CN + 0.25ml 0.08 If " I* "  gave a solution with
CArHJ = 5 x 10“ 3 H and [ " I * " ]  = 0.02 H.
Reactions were then followed by 1 H NMR using an automated 
kinetics routine. Vhen the reaction time was conveniently long (ie. 
with chlorobenzene and iodobenzene) standard tuning procedures were 
used and 16-scan spectra were recorded at suitable intervals. This 
was not possible fo r the faster reactions. The problem was solved 
by tuning the spectrometer on an identical solution, replacing th is  
in  the magnet by the mixture under investigation and recording 
spectra unlocked. In th is  way, spectra could be obtained within a 
few minutes of mixing the reactants, at intervals of 1 minute (16 
scans) or 30 seconds (8 scans).
The reaction with toluene was found to be too fast fo r 
study even with these modifications. Experiments were carried out 
using single 90* pulses so that spectra could be obtained every 
2 seconds. In some cases the fin a l few % of the reaction was
seen in  the in i t ia l  spectra, but usually the reaction was complete
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before the sample could be transferred to the spectrometer. This 
was also the case when very low, equimolar concentrations of 
toluene and the iodinating species were used.
In the more convenient experiments, with the halobenzenes,
12 -  15 spectra were typ ica lly  recorded. An integral f i le  was set
up on a representative spectrum and a l l  the other spectra were 
integrated between the same lim its . From the re lative integrals, the
amounts of starting material, ArH, and iodinated product, Arl, were 
calculated. The observed firs t-o rde r rate constants, k^ts, were then 
evaluated from plots of In EArH3 vs. time. These results are lis ted  
in the central column of Table 4.1. The values in  the left-hand 
column refer to the maximum theoretical I*  concentration, assuming 
complete oxidation of the available iodine to  the +1 state. The 
actual values are lik e ly  to be somewhat lower, due to possible 
leakage of iodine to the cathode chamber during electrolysis and 
subsequent decomposition of the reagent on storage.
I t  must be emphasised that the aim of these experiments 
was to get some appraisal of the relative reactiv ities  of various 
arenes towards the I*  reagent, not to determine absolute rate
constants. The errors associated with the experimental procedures
are too large to make such measurements worthwhile. As well as 
the uncertainty regarding the I*  concentration, errors also arose 
because of poor temperature control. Although the NMR probe was
accurately maintained at 25 *C, the reagent solution was not pre­
equilibrated at th is  temperature owing to i t s  inherent in s ta b ility .
Reaction mixtures were probably a few degrees cooler at f ir s t .
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Table 4.1 : Results o f  Kinetic Experiments Followed by ’ H IOCR. 
25 *C; [ArH] = 5 x 10~3 M throughout.
( i)  Chlorobenzene
[ I*]/M
0. 020 
0.032 
0.040 
0.040 
0.052 
0.060
feobo/S
1.96 x 
4.63 x 
6.03 x 
6,33 x 
9.65 x 
1.05 x
10~4
i o - 4
10~4
10~4
10-4
10~3
k/M-1 s-1
0.0098 
0.0145 
0.0151 
0.0158 
0.0186 
0.0175
( i l )  Iodobenzene 
[ 1*3 /H 
0.040
koto**/s 1 
6 . 2 6  x  1 0 ~ 4
k/M-1s-1
0.0156
(Souse a d d i t io n a l  io d o b en ze n e  r u n s  ga ve  c o n s i s t e n t l y  s lo w  r e a c t io n s .  
C lo u d in e s s  was o b se rv e d  and N - ia d o a c e t amide fo rm a tio n  i s  s u sp e c te d )
0.020 
0.020
0. 060
( i i i )  Fluorobenzene
9 .1  x 10~*
6.2 x 10~*
1 .9 6  x 10~*
0. 0046 
0. 0031 
0. 0033
[ I* ]/H
0.020
0.030
kobffl/S 1
2 . 2  x  1 0 ~ 3
3.3 x 10-3
k/M -^s-1
0 .11  
0 .12
(iv) Benzene
E 1*3 /H k o t o w / S  1 k/H-’ s-1
0 . 0 2 0 3.3 X I Q - 3 0.167
0 . 0 2 0 7.5 X I Q - 3 0.375
0 . 0 2 0 4.3 X 1 0 ~ 3 0.216
0 . 0 2 0 4.5 X I Q - 3 0.227
0.024 5.1 X I Q - 3 0 . 2 1 1
0.024 6.6 X 1 0 “ 3 0.276
0.030 to o  f a s t f o r  s tu d y
(c) Recovery of oh-Acetonitrile
In view of the high cost of the cfa-acetonitrile used in 
th is  work, some recycling of the solvent was carried out. Residues
from each experiment were pooled, and when a volume > 50mls had
been collected, the solvent was cautiously d is tille d . The f i r s t
d is ti lla te  was pink due to iodine and HHR analysis indicated the 
presence of aromatic inpurities. However, subsequent d is tilla t io n  from 
calcium hydride, through a 20cm Vigreux column, afforded dry and 
essentially pure CD3CN. Benzene (b.pt. 80*0 could not be removed 
from CD3CN (b.pt. 81*C) by d is tilla t io n . This problem was overcome 
by adding fresh iodinating agent to the contaminated solvent to
convert the benzene to much less vo la tile  iodobenzene.
(d) Evidence for 1H -  Coupling ?
An interesting observation was that a l l ’ I  BUR spectra
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of positive iodine species in  CD3CIT featured three sharp lines 
at around 6ppm. These minor but persistent signals were separated 
by 53Hz (Fig. 4.4) :
Fig. 4.4 : Expansion Of Some Minor Signals Seen In A ll TH NMR 
Of Iodine (I) Species in  CDsCff
To complement the k inetic studies by MR described in
section 4.2.6., and because of the high cost of tih-acetonitrile,
iodination by electrochemically produced I*  was also followed using 
a simple t itr im e tr ic  method.
In such experiments, a known quantity of I*  was added
to an excess of an aromatic substrate in aceton itrile  solution, 
thermostatted at 25*C in a volumetric flask. Aliquots were then 
withdrawn at timed intervals and added to flasks containing an 
excess of acidified potassium iodide solution. Combination Df 
unreacted I*  with iodide ions thus liberated molecular iodine,
which was estimated by thiosulphate titra tio n .
From the results of the MR studies, i t  was clear that 
only the re la tive ly slow reactions, le. with the halobenzenes, could 
be monitored in th is  way. Thus, the iodination of bromohenzene was 
the f i r s t  reaction to be studied.
Iodine was completely oxidised in aceton itrile  solution, 
containing 0.2M LiBF#. as the supporting electrolyte. The quantities 
used (0.2536g I2 in  40mls MeCBT) were such that complete oxidation 
would produce a solution 0.05M in  I*. A solution of bromobenzene 
in acetonitrile was prepared at the same concentration <0.7851g / 
100ml = 0.050K) in a volumetric flask. Kinetic experiments were then 
carried out by adding lOmls of the I*  solution to 40nls of the 
bromobenzene solution, thermostatted at 25 "C. Samples (5mls> were taken 
at intervals of 6 minutes and added to conical flasks containing 
50mls of 1.5M aq. hydrochloric acid and ca. 2g of potassium iodide.
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of iodide ions. Freshly d is tille d , deionized water was used to make
up the acid solution and solid potassium iodide was added shortly
before the addition of the aliquot of reaction mixture. Furthermore 
a small amount of solid sodium bicarbonate was added to each
flask before the iodine was titra ted , in an attempt to create a 
blanket of carbon dioxide over the solution. The iodine was then 
estimated by t itra t io n  with 0.00514 sodium thiosulphate solution, 
using starch as indicator. A representative set of results is  
lis ted in Table 4.2 :
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S e v e ra l  p r e c a u t io n s  w e re  ta k e n  t o  m in im is e  a e r i a l  o x i d a t i o n
4.2 : Iodination of Bromobenzene
(25*C, CPhBr] = 0.04H; T1*1 = 0.01M)
Time T itre fIz3/10~2K lnt Iz3
<mins) (0. 00534 Sz032“ >
0 30.2 1.510 -4.19
6 27.3 1.365 -4.29
12 25.7 1.285 -4.35
18 23.5 1.175 -4.44
24 22.5 1.125 -4.49
30 20.6 1.030 -4.57
36 19.7 0.985 -4.62
42 18.4 0.920 -4.69
48 17.5 0.875 -4.74
A plot of lnt Iz l vs. time resulted in  a good straight 
line f i t ,  with a measured gradient of 1.83 x 10-4s_1. Dividing th is  
by the bromobenzene concentration, 0.04 K, generated a second-order 
rate constant, k, of 4.58 x 10”3M-1s-1 . A duplicate run led to a 
result of 4.81 x lO-^H-’ s” 1.
Further experiments of th is  kind were performed using 
fluorohenzene as the substrate. As expected, the reaction was found 
to be much faster and reaction mixtures had to be sampled at
least every minute. The rapid decrease in thiosulphate t i t r e  was 
consistent with the reaction being around an order of magnitude 
faster than that with bromohenzene. However, the t it re s  were too 
irregular fo r the meaningful evaluation of rate constants.
Because of the severely lim ited range of substrates that
could be studied by the t itr im e tr ic  method, the matter was not 
pursued further. The experiments did however raise some puzzling 
questions. On inspection of Table 4.2, i t  can be seen that t itre s  
fe l l  from 30.2ml to 17.5ml during the course of the experiment, 
volumes which were much larger than had heen anticipated. Since 
1 mmol of iodine was anodically oxidised in  40mls of acetonitrile, 
the maximum I* concentration was 0.05 H. T itra tion D f  1ml of such 
a solution with 0.005 M thiosulphate solution (following its  addition 
to excess iodide) would be expected to require a volume of 20ml,
i f  equations 4.6 and 4.7 were the only reactions occurring.
r  +■ r  — ► i2 4 . 6
l2 + 2 S 20 +  — >  % \-  * s 40 62'  4 .7
However, when such a t it ra t io n  was carried out, the volume
of 0.005 H thiosulphate solution required was consistently recorded 
as 31.2ml, The implication of th is  is  that the concentration of 
I*  was 0.078 H rather than 0.05 M, or that the solution contained 
other oxidants capable of oxidising Iodide ions.
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Aromatic iodination with electrochemically generated positive 
iodine has not received the degree of attention that i t  possibly 
deserves. The mechanistic study of H ille r and Watkins7 remains to 
th is  day the most comprehensive investigation of the topic, after 
almost two decades. In review artic les, or in general introductions 
to papers on iodination, the subject is  often relegated to a few 
lines towards the end of a summary, or, more commonly is  to ta lly  
ignored. The related topic of e lectro ly tic  iodination of peptides 
and proteins in aqueous media (Section 1.4.1 (vii)> is  also dismissed 
by many authors. The principal reason offered for th is  apparent
lack of interest in electrochemical techniques is  that expensive,
specialised equipment is required. Some authors have additionally 
expressed reservations about the timescale of anodic oxidation, 
particularly with regard tD the ha lf-lives of radioisotopes.
The work described in th is  chapter has shown that the 
electrochemical oxidation of iodine can be easily achieved, using 
relative ly simple equipment. The two-compartment ce ll depicted in 
Fig. 4.1 (p.194) proved to be quite adequate for the purpose, once 
in it ia l d iff ic u lt ie s  such as the destruction of graphite cathodes 
had been overcome. Admittedly, s lig h tly  more sophisticated equipment 
would have been preferable, such as a constant current supply. 
However, a knowledge of the number of coulombs passed during the 
oxidation was not essential, since the reaction was self-indicating. 
Complete oxidation was signified by the loss of the brown colour 
of 12 in the anode chamber.
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4 .3  D is c u s s io n
This assumption was supported by estimating the number of 
coulombs passed over the time period required to fu lly  decolourise
the anolyte (Section 4.2.1 (b), p .196). Areas under plots of current
against time Invariably corresponded to the passage of 2.0 -  2.2 F
/ mole Is, thus there can be l i t t l e  doubt that iodine is  fu lly
oxidised to the +1 state as in  equation 4.5 (p. 197).
The colourless, or more usually, very pale yellow solutions
of the iodine (I) reagent were found to he very unstable at room 
temperature. Iodine was liberated within minutes i f  a portion of
the anolyte was le ft  in an open beaker. In contrast, the reagent
appeared to be quite stable when stored in a tightly-stoppered
vessel at -20*C. The favoured mode of storage was however as a 
frozen solid in a dry-ice container.
The preparative experiments described in Section 4.2.2 led 
to results which were generally comparable to those of H ille r and 
Watkins7. However, a few discrepancies arose which w ill he addressed 
later. The range of compounds which could be iodinated using the
I* reagent was essentially as described by M ille r and Watkins.7 
A notable exception was benzoic acid; whereas H ille r and Watkins 
obtained a reasonable yield of m-iodobenzoic acid (40%), the I*
species generated in th is  study did not react with the substrate. 
The only difference between the two systems is  the counterion; 
CICU-  in M iller and Watkins' work and BF^ .-  in th is  study. The
greater reactivity of H ille r and Watkins' " I*  C1CU~" is  also
manifested in a lower regioselectivity. Inspection of Table 4.3 
shows that " I*  BF^ ~" was much more selective.
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Table 4.3 : Product 
Substrate
o r th o
PhOIfe 33
PhMe 48
PhF 10
PhCl 20
Phi 33
PhCOOH
Isomer Distributions 
Ref. 7
m et a para
10 57
4 48
90 
80 
67
100
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T h is  v ra rk
o r th o  m eta para
<5 - >95
33 -  67
trace - 99
5 95
5 - 95
In the context of equation 4.2 (p. 185), these differences 
can be attributed to the role of the counterion in removing the 
proton from the Vheland intermediate, and to the overall effect of 
the medium (ie. its  d ie lectric  constant) on the re lative magnitudes
of the various rate constants involved.
Further work was then carried out using different solvents
and electrolytes (Sections 4.2.3 and 4.2.4, respectively). Wet trimethyl 
orthoformate (TMOF) was used as a solvent to emulate the work of 
Shono e t  a l. 14, and indeed, the same iodotoluene isomer d istribution
(30% o r th o , 70% p a ra ) was obtained. The main reason for Shono's 
publication was to claim a high para-selectivity, but, as shown in 
Table 4.3, toluene was iodinated with almost the same degree of
se lectiv ity in th is  study, using I*  BFa-  in  acetonitrile .
Another solvent investigated was p iva lon itrile . The logic
behind th is selection has already been outlined <p. 203); regarding 
the n it r i le  as a "vehicle" fo r the I*  cation, i t  ms thought that
the use of a bulkier n it r i le  may also have led to high p a ra -
selectiv ity for steric reasons. In the event, the change of solvent 
had absolutely no effect on the isomer distributions of products.
Section 4.2.4 describes some experiments in  which iodine 
was oxidised in acetonitrile using some alternative electrolytes. A
common theme of lite ra ture  on iodination, and electrophilic aromatic 
substitutions in general, is  that the reactiv ity  of electrophiles 
is  enhanced by the addition of TFA, and enhanced s t i l l  further by 
the addition of t r i f l i c  acid. With th is  in  mind, lithium t r i f la te
v/as used as an electrolyte in order to generate "CF3SO3- I*".
The greater reactiv ity  expected of th is  species was borne out by
experiment. Thus, toluene was iodinated with reduced j>ara-selectivity
(41% o r th o , 59% para) and benzoic acid, inert towards I*  BFa- , showed
some degree of reaction with the reagent.
Two further lith ium  salts, the hexafluDrophosphate (LiPF©> the 
the hexafluoroantimonate (LiSbF©), were also studied. As described in 
the experimental section, unforeseen complications arose with these 
salts. The problems were eventually solved by adding acetic acid
to the cathode compartment of the ce ll during electrolysis, so as 
tD fa c ilita te  hydrogen evolution as a cathode reaction. In th is  
way, solutions of iodine(I) were generated which were then tested 
in reactions vrith toluene. Iodotoluenes were produced much less 
selectively, the o /p  isomer d istribu tion in both cases being around 
50 : 50. These results must however be treated with some caution.
In retrospect, i t  vrauld seem that the lower se lectiv ity  v/as more 
like ly  to be attributable tD acetic acid v/hich had diffused into
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Section 4.2.5 describes some experiments performed with 
[ 4--H3-toluene so as to Investigate isotope effects. This work was 
carried out with I*  generated in acetonitrile , using LiBF^, LiPFe
and LiSbFe as electrolytes. Although these systems gave rise to 
widely d iffe ring product isomer distributions with ordinary toluene, 
the results with [ 4--H1—toluene were curiously similar. In each
case, the amount of o r th o -substituted product was in the range 
77-81%, while the amount of 4-iodotoluene was only 19-23%. M iller 
and Watkins7 obtained the same result with their " I*  C1CL- " system
(77.2% o rtho , 22.8% p a ra ), despite the 50 : 50 distribution they
obtained with non-deuterated toluene.
I t  is  not clear how M iller and Watkins determined the ir 
kn/ko values; d ifferent rules appear to have been applied to 
different substrates. In the case of toluene, the value of 1.54 
seems to have been derived simply by comparing the percentage of 
o r th o -  substituted product from deuterated and non-deuterated material 
ie. 77/50 = 1.54. Applying this approach to the results of th is
study gives a value of 2.41 (79.5/33).
Section 4.2.6 describes some experiments u tilis in g  iodine (I) 
generated in da-aceton itrile  solution. These were carried out so 
that reactions could be monitored d irectly by 1H NMR, thereby 
avoiding the need to extract products and allowing assessment of 
reaction rates to be made. Exploratory experiments using equimolar 
quantities of reactants (4.2.6 (a)), served to confirm the results 
of the preparative experiments performed earlier.
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th e  a n o d e  ch a m b e r r a t h e r  th a n  t h e  c h a n g e  o f  c o u n t e r io n .
Subsequent MR experiments (4.2.6 (b)>, conducted under pseudo 
-firs t-o rde r conditions, were aimed at getting some appreciation of 
re lative rates. For the reasons outlined an p. 214, i t  was not 
possible to obtain accurate rate constants. In addition to the 
factors already mentioned (uncertainty regarding the I*  concentration 
and a lack of temperature control), i t  was not possible to fu lly  
protect solutions from aerial moisture and some conversion to B-
iodoacetamide was suspected.
The in it ia l  aim of these experiments was to construct a 
Hammett plot. However, i t  transpired that only the halobenzenes were 
iodinated at a rate convenient for MR study. The reaction with 
benzene was too fast fo r study, while less reactive substrates 
(PhCODH, PhCB) fa iled to react. Thus the range of compounds which 
could he studied was severely lim ited. Measured rate constants are
given in Table 4.4, with an estimated value for toluene.
Table 4.4 : Rates of Iodination by I*  in  ds-Acetonitrile, as 
Estimated From Sequential MR Spectra <25*C)
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lbstrate k/M-1s-1 logiok Hamnett o'*
PhCl 0.0152 -1.82 +0.114
Phi 0.0156 r—fCO1 +0.135
PhF 0.12 -0.92 -0.073
PhH 0.245 -0. 61 0.000
PhMe ca. 200 ? +2.3 -0.311
Clearly, these data are inadequate for the construction of 
a Hammett plot; a l l that can be concluded is that the p value is  
large and negative, most probably in  the range -5 to -10.
method (Section 4.2.7), but again problems were encountered. Like 
thallium ( I I I )  trifluoroacetate described in Chapter Two, i t  was 
concluded that the inherent in s ta b ility  of the I*  reagent makes
i t  unsuitable for kinetic work.
Considering the possible application of electrochemical 
oxidation to radioiodination, there would not appear to be any 
reasons why i t  should not be possible. The experiment with IhuBT 
(p.197) showed that i t  v/as possible to generate iodine (I) starting
from iodide ions. The presence of water would not seem to be a 
problem; both H ille r and Watkins7 and Shono et a l .14 used wet 
solvents for optimal results. Perhaps the biggest problems in 
applying the method to n.c.a. radioiodination would be engineering 
ones in scaling down the apparatus for use with pi volumes of
solutions. However, i t  is  unlikely that such problems would be 
i  nsu rmou ntable.
In summary, anodic oxidation of iodide or iodine provides
a method whereby complete conversion to electrophilic iodine (I)
can be achieved. The reagent so produced, using the acetonitrile -  
lithium tetrafluoroborate system, is  capable D f the clean and 
e ffic ien t iodination of substrates as deactivated as halobenzenes. 
Less reactive arenes may be iodinated by using other counterions. 
As v/ith a ll direct iodination methods, the technique does not 
offer regiospecificity. This potential drawback is  addressed in  the 
following chapter by combining the method v/ith the use of organo- 
metallic precursors.
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C H A P T E R  F I V E
Iodination Via Group 17b Qrganometallic Intermediates
The cleavage of aryl-SR® bonds by e lectrophilic reagents, 
where M = Si, Ge or Sn, provides a method for the regiospecific
incorporation of a wide variety of functionalities in to aromatic
rings. Demetallation reactions of th is  type have been extensively
studied by Eaborn1, and the synthetic applications of electrophilic
desilylation have been reviewed by Chan and Fleming.2
The preparation of aryl halides from a ry ltr i methylsilanes 
was f i r s t  described in  1948 by Pray et a l . 3 Phenyl trimethyl si lane
was cleaved by refluxing with molecular iodine fo r 12 hours, in
the presence of aluminium, to give iodobenzene and iodotrimethyl-
silane.
The displacement of an -MR3 group by an electrophile 
always proceeds in  an ip s a  fashion, thus the position of the
metal substituent determines the position of the incoming group.
In th is  way, only one isomer is  produced. Eaborn1 lis ted  many other 
advantages of demetallation over conventional aromatic substitutions. 
Isomers may be obtained which are formed only to a very small
extent in  direct e lectrophilic attack. Furthermore, the reactiv ity  of 
the carbDn-metal bond can often allow substitution to occur in 
systems too unreactive to react as ArH. For compounds which are 
not stable to conventional substitution conditions, the demetallation 
reaction allows much milder conditions to be used. For aromatic
compounds with a side-chain susceptible to e lectrophilic attack, an 
-MR3 group may direct reaction to a ring position and away from 
the side-chain.
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5 .1  Dse O f G ro u p  IV b  O r g a n o m e t a l l i c s  I n  I o d i n a t i o n
Compounds of the type ArHRs also have advantages over the 
correspond!ng ArMgX and ArLi compounds. They can be used to make 
derivatives with substituents incompatible with Mg and L i, such as 
-COR and -NOs*. Furthermore, lith ia tio n  to produce ArLi compounds 
generally results in a mixture of isomers. Conversion to ArKRs 
organometallies makes i t  possible to separate the isomers.
The mechanism of e lectrophilic deaetallation is  analogous 
to that of simple aromatic substitution, proceeding via a Wheland 
type o—complex as shown in Fig. 5.1 :
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Fig. 5.1 : Mechanism of E lectrophilic Desilylation
In mast reactions of th is  type, step 1 is  found to be 
rate determining. This was demonstrated for cases where E* = H* 
(protiodesilylation) by Baborn et a l.4*5 Various compounds of the 
type ArHR3 = Si, Ge, Sn, Pb) were cleaved by HC1 in  aqueous
dioxane. In a ll cases, the reaction was slower in DzO than in
H2O.4 A further study on the cleavage of X-CgHaSIHbs compounds by
TFA and X-CeEUSnMes compounds by AcOH showed ca. 6-fold decreases 
in  rate when the corresponding deuterated acids were used.5
The cleavage of X-CeBUS13fes compounds by halogens has 
also been studied k in e t ic a l ly .7 The kinetics were also found to 
be consistent with rate-determining formation of a Wheland-type 
intermediate <E = Br or Cl). However, the results of some studies 
have highlighted certain anomalies. For exanqile, Stock and Spector®
studied the iododesilylation of a ry ltr i methylsilanes by iodine nono­
chloride in acetic acid solution. Iodine monochloride was found to
react around 8 times faster than chlorine, quite the reverse of 
the case with direct halogenatlon, where chlorine is  by far the 
more reactive electrophile. The result could posBibly be interpreted 
in  terms of a four-centre transition state, of type (I), but other 
results do not favour th is.
,SiMe3---B r/ x
/
Ar Br
B r  Br
cn)
Fig. 5.2 : Postulated Transition States in  Halodesilylations
A mechanism involving a transition state of type (I) would
proceed with retention of configuration at silicon, but as Eaborn
and Steward® showed, using optica lly active silanes, bromodesllylation
proceeds with inversion of configuration. A possible mechanism which
would probably Involve inversion at s ilicon is  one which involves
a six-centre intermediate D f  type ( I I ) .
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A r SiMe,
i
X
<i>
on lDdodestannylation. 10-~13 Eaborn et a l . ' °  studied the reaction of
iodine with ArSnMe3 derivatives in  carbon tetrachloride, whereas
Buchman e t  a i.11' 12 used methanol as the solvent. A ll results from
such studies have been consistent with the aforementioned mechanism 
of electrophilic aromatic substitution, but again, certain anomalies 
have been highlighted. For example, Hasielski et a l.13 observed that 
iododestannylation with iodine in  methanol was faster than protio- 
destannylation with perchloric acid, whereas the reverse was found 
to be true in the case of desilylation.
The synthetic u t i l i t y  of trlm ethylsily lated aromatics in 
regiospecific iodination was studied in  the 1970's by Calas and 
coworkers. 14 They found that compounds such as the three isoneric 
trimethylsilyltoluenes could be converted to the single iodinated 
products by refluxing with iodine in  the presence of a catalytic 
amount of aluminium. In the same way, bis(trimethylsilyl)benzenes 
were converted to the corresponding di-iodobenzenes.
In order to achieve iododesilylation of less activated 
a ry ltr i me thyIsilanes, such as those bearing chlorine substituents, a
source of positive iodine (IC1, IBr> was found to be necessary. In
a subsequent paper15, the use of th is  method tD iodinate very
deactivated compounds was described. Isomeric iodonitrobenzenes were 
produced from bis(trimethylsilyl)benzenes by f i r s t  displacing one 
-SiSe3 group with NO t^, then using IC1 to displace the other.
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K i n e t i c  a n d  m e c h a n is t i c  s t u d i e s  h a v e  a l s o  b e e n  c a r r i e d  o u t
Early studies on the radiobromination and radioiodination 
of aromatics v ia  aryltrimethylsilanes were carried D u t  by Wilbur 
and coworkers.1S' 17 They made a systematic study of the reactions 
of o r th o , meta and para-trimethylsilyltoluenes, f i r s t  with stable
bromine and iodine, and subsequently with S2Br and 1311. Reactions
were conducted in a variety of solvents, using B-chlorosuccinimide 
(NCS) and t-butylhypochlorite (TBHC) as i n  s i t u  oxidants, to oxidise 
bromide and iodide to e lectrophilic species.
The work showed that desilylation was an effective method 
for the preparation of specific halogenated products, although the
reaction times were quite long for radioiodination. Iodinations were 
found to be very much slower than the corresponding bromi nations, 
and because of the very low iodide ion concentrations involved, no 
-carrier-added (n.c.a.) iodination with 1a,I fa iled tD proceed under 
the conditions used with stable 127I. A ll reactions were found to
he very much faster when glacial acetic acid was used as solvent 
compared to the rates in  methanol. N.c.a. radioiodination was thus 
achieved by carrying out the desilylation in  acetic acid at 60 *C, 
using ¥a131I and NCS. An acidic solvent also has the advantage of 
neutralising the base present in  radioiodide preparations. In other 
solvents, p-toluenesulfonic acid was added fo r th is  purpose.
A subsequent study focused on the halogenation of phenols 
v ia  s ily lated derivatives.13 The o r th o  / p a r a  directing property of 
electron donating groups such as -OH and -OJte is  so strong that 
ip s o  substitution of jm-trimethylsilyl derivatives does not readily 
occur. For example, Baborn and Webster7 reported that the bromi nation
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anisole, and not m-bromoanisole. For radiopharmaceutical applications, 
meta-iodinatlon of activated rings is  desirable, since th is  position
would be less susceptible to dehalogenation in v iv a .
Vilbur et aJ.,s studied the bromination and iodination of
isomeric (trimethylsilyl)phenols, (trimethylsilyDanisoles and (trimethyl 
-silyDphenol acetates. Reaction conditions were the same as those
employed in the previous study, ie. the reactions were carried out 
in acetic acid at 60 #C, in  the presence of NCS.
In the case of the (tr im e thy ls ily l>phenols, a l l three 
regioisomers underwent some substitution by bromine without cleavage
of the -S1MB3 moiety. This was minimal in the case of the para-
isomer, the principal product being p-bromophenol. Reaction of the 
ortho-isomer resulted in  an approximately 1:1 mixture Df o-brono- 
phenol and 4-bromo-2-(trimethyl silyDphenol.. The meta-isomer underwent 
bromination without any loss of the -SiMe3 moiety, to give one
major product. Whether th is  was 4-bromo-3-( trimethyl silyDphenol or 
2-bromo-5-(trimethylsilyl)phenol was not determined.
In the case of the (trim ethylsilyl)anisole derivatives, the 
o r th o -  and para-isomers underwent clean i p s o  desilylation to yield
the specific halogenated products. This was demonstrated fo r both 
77Br and 1311. In contrast, the meta-isomer did not undergo ip s o
desilylation, but gave one of the two possible bromo(trimethylsilyl) 
-anisoles. Again, its  iden tity  was not determined.
Successful zaeta-desilylatlon was achieved by converting the
(trimethylsilyl)phenol to its  acetate, using acetic anhydride and
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o f  m - ( t r i m e t h y l s i l y l )  a n i s o le  r e s u l t e d  i n  4 - b r o r a o - 3 -  ( t r i m e t h y l s i l y l ) -
pyridine. A ll three (trimethylsilyl>phenol acetates were e ffic ie n tly  
converted to the specific bromo- and ioda- products by treatment 
with X"/NCS in acetic acid at 60"C. 10
Various aspects of radiohalogenation using Group IVb organo-
metallics have been addressed in  a series of papers by Moerlein 
and coworkers. 13-25 In 1985, Moerlein and Coenen 1s’»i£1 reported on
an extensive and systematic study of radiohalogenation, using not 
only aryltrimethylsilanes, but the ir germanium and t in  counterparts 
as well. For each metal, a series of para-substituted compounds, 
p-X-CeH^ -MMe3, was prepared with X= -CF3, -Br, -F, -H, -CEb and -OCHs. 
These substrates were treated at room temperature with solutions
of n.c.a. Ba77Br and Na131I in  several d iffe rent solvents, using
N, JFdichloramine-T (DCT) as the In s i t u  oxidant.
A ll experiments were terminated after a fixed period of 
30 minutes and radiochemical yields were compared. A comparison of 
the three metals showed radiochemical yields to increase in the 
order Si < Ge < Sn. This is  what one would expect in  view of the 
accepted reaction mechanism1, the intermediate cr-complexes being 
increasingly stabilised by hyperconjugative <tr-it conjugative) electron
release from the C-JC bond on descending the group.
A comparison was also made between three solvent types,
acidic (acetic acid), polar (methanol) and nan-polar (carbon te tra­
chloride). Reactions were found to be most rapid in  acetic acid. 
Two reasons were given fo r th is . F irs tly , a low pH is  favourable 
for the production of positive halogen species and suppresses
the ir reduction. Secondly, since the intermediate o—complex is  a
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charge-separated structure, the energy of i t s  transition state is  
decreased in  more polar solvents.
The cleavage of the a ry l- tin  bond was found to be very 
rapid, irrespective of any substituents on the ring. Destannylation 
was also largely unaffected by changing the solvent. In the case 
of halogenodegerjnylatlon, such factors were more important. Radio­
chemical yields (after 30 minutes) decreased with solvent polarity 
and were low for the deactivated substrate (X = -CF3). This trend 
continued on moving to the series of aryltrimethylsilanes. Radio­
chemical yields in  excess of 10% were obtained only with the 
more activated substrates (X= -OKe, —He, -F ). In the non-polar solvent 
carbon tetrachloride, only the most activated substrate (X = -OHe)
underwent significant demetal1ation.
Radiochemical yields for iodination (131I) were found to be 
higher than those fo r bromination (77Br) throughout th is  study. This 
was explained in  tern® of the re lative in s ta b ility  of BrCl. Once 
formed, the halogen electrophile, BrCl or IC1, can either react with 
the aromatic substrate or undergo reduction by reaction with water 
in  the solvent. Positive bromine species are reduced more readily 
than iodine species, hence water oxidation is  more important.
Also examined was the effect of added water. This is  
clearly of great relevance to radiohalogenation since isotopes are 
supplied as aqueous halide solutions. Although i t  is  a simple 
matter tp freeze-dry aqueous preparations, i t  does take time and 
in the case of short-lived isotopes, time is  the dominant factor.
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The yields from destaimylations were unaffected by up to 
50% water in  the reaction mixtures. In contrast, the degermylation 
and desilylation reactions were adversely affected by re la tive ly
small amounts of water, resulting in  greatly reduced yields. These 
observations can also be attributed to redox reactions between 
water and the e lectrophilic halogen species. The rates of such 
competing pathways are comparable to  rates of degermylation or 
desilylation, but are insignificant re lative to the rapid rate of 
destannylation.21
Based on these factors alone, i t  might be thought that
t in  compounds are the most useful fo r the rapid incorporation of 
radiohalogens into aromatic systems. However, there are some other 
considerations which need to be taken into account. The ease with 
which the a ry l- tin  bond is  cleaved results in  competing chloro- 
demetallation when di chloramine-T is  used as the in  s i t u  oxidant. 
Under n.c.a. radiolabelling conditions the oxidant is  present in 
high concentrations re la tive  to the radiohalide and chlorination
becomes a very serious problem. I t  is  especially undesirable for 
radiopharmaceutical applications since chlorinated contaminants are 
d if f ic u lt  to separate chromatographically from radiobromine or 
radioiodine labelled products.
Moerleln and Coenen21 showed that chlorodemetallation was
minimal for germanium and s ilicon  compounds. Germanium and silicon 
compounds also have greater general chemical s ta b ility  than the ir 
t in  counterparts, for example, towards acids and alkalis. A further 
advantage, certainly in  the case of trimethylmetal derivatives, is
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that the germanium and s ilicon  compounds are much less toxic than 
the t in  compounds.
The conclusion that is  drawn from th is  piece of work is  
that the choice of metal depends on the degree of activation of 
the aromatic ring. Stannylated derivatives are clearly required for 
the halogenation of deactivated systems, but fo r more electron-rich 
systems, the more stable s ily la ted derivative may be the substrate 
of choice.
In a subsequent paper, Hoerlein22 presented a case fo r the 
general usefulness of germanium compounds in  halogenodemetallation. 
This study was carried out using phenyltrimethylgermane, two para-  
substltuted derivatives <p-fluoro-f p-hydroxy-) and two meta-substituted 
derivatives <m-chlora-, jitmethoxy-). Preparative scale halogenations 
were carried out using chlorine, bromine, iodine and iodine mono­
chloride. The substrates were chosen to highlight certain paints.
For example, as has already been noted, n -(trim ethylsilyDanisole 
does not undergo deaetallation with positive halogen species, but 
reacts at the p ara - position.7 This is  not the case with m-Ctrl- 
methylgermyl)anisole. The more reactive aryl-germanium bond is  
cleaved more readily than the p a ra -  C-H bond, and clean ip s o  
halogenodemetallation occurs. In fact, Hoerlein22 observed only de- 
germylation for a ll the substrates studied; products from competing 
halogenodeprotonation were non-existent.
The reaction with chlorine was very rapid with a l l of 
the substrates in each of three solvents. This was also true for 
bromination, although longer reaction times were required for the
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m eta- substituted compounds, particu larly  in the non-polar solvent. 
Reactions were very much slower when iodine was used although 
high yields were obtained eventually. Rapid iododegermylation was 
achieved by using iodine monochloride as a source of positive 
iodine. The yields of iodinated products were 96-99% with th is  
reagent a fter one minute in  the polar solvents.
The app licab ility  of demetallation reactions to labelling 
with the short-lived isotope, iodine-122 (t»* =3 .6  min.), was examined 
in  a subsequent study.23 OrganDraetallic derivatives containing boron, 
silicon, germanium, t in  and mercury were compared in  a series of 
experiments in  which reaction times were lim ited to 30 seconds or 
1 minute. Two approaches were used; i n  s i t u  oxidation of 122I”  with 
dichloramine-T and exchange labelling of iodine monochloride. The 
isotope was produced from 122Xe (see Section 1.2.4) and rinsed from 
a steel generator loop with the reaction solvent.
Most experiments with ia2I were carried out in  ethanol 
because of i t s  physiological compatibility. In th is  medium, only 
the reactions involving t in  and mercury gave acceptable yields of 
iodinated products within the time constraints set by the isotope. 
Additional experiments in  acetic acid solution showed that high 
yields could also be obtained from the germylated derivative In 
th is  medium.
The problem of competing chlorodemetallation in reactions 
involving dichloramine-T was also encountered in  th is  study. I t  was 
circumvented by using peracetic acid to oxidise iodide. This was 
generated i n  s i t u  from hydrogen peroxide and glacial acetic acid.
- 2 3 9 -
In  1988, Moerleln e t  aJ.24*2G reported on a detailed study
of in s itu  oxidation using peracetic acid. The reagent was used 
in both halogenodeprotonation reactions with simple arenes and
halogenodemetallation reactions with Group IVb organometallics. In it ia l 
experiments indicated that commercial preparations of peracetic acid 
were too strongly oxidising and so, as noted above, the reagent 
had to be prepared i n  s i t u  :
H+
CH3C0 2H + H20 2 — ► CH3CO3H + H20  5 1
Experiments were carried out to determine the optimal 
composition of the mixture fo r halogenation.25 This was found to
be a 2:1 mixture of 11.4 M aqueous hydrogen peroxide and glacial 
acetic acid. For 1311 labelling, additional sulphuric acid <0.2 M in 
the mixture) was found to be necessary, to neutralise the base 
present in Na1311 .
I t  was postulated that the halogenating agent was the
hypohalous acid, BOX, formed by oxidation of halide ions by the 
peracid (eq. 5.2). However, the reaction is  probably more conplex 
(see p .18).
CH3CO3H + X" —► HOX + CH3CO2 5 2
Although the use of peracetic acid prevents competing 
chlorodemetallation, the acidic environment does result in  acid 
hydrolysis, most notably of the t in  compounds, X-CeHASnMes. This is
not a great problem as the products are generally less d if f ic u lt
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tD separate than those bearing other halogens. The highest yields 
of radiohalogenated products (after a fixed reaction time of 30 
mins) were obtained from nan-activated substrates (X = -H, -F ).
Electron-deficient arenes (X = -CFs) reacted more slowly as seen
in earlier work19-23, but yields were also low from electron-rich 
substrates (X = -OMe), owing to the aforementioned protio lysis being 
faster than lododestannylatian.
The studies o f  radioiodination v ia  Group IYb organometallies
summarised in the preceding pages have involved only single model
compounds. There have however been numerous reports on the use o f  
such techniques in the radioiodination D f  compounds o f  biological
importance.
Wilson and Jacob26 showed that a number of more complex
molecules could be regioselectively iodinated by using trimethyl- 
s ily lated precursors. Silver salts were used to activate the iodine 
molecule; AgBF* was found to be the most effective. The work thus 
represents a combination of two iodination methodologies. The method
was optimized using simple compounds such as phenyltrimethylsilane, 
4-tolyltrimethylsilane and 4- (tr im e thy ls ily l) diphenyl me thane. Having 
established that the sole products were those of i p s o  iododesilyl- 
ation, the authors used the method to iodinate some compounds of
biological significance. An amino acid derivative, M-acetyl phenyl­
alanine methyl ester (21), and a dipeptide, M-formylphenylalanylglycine 
ethyl ester (22), were successfully iodinated at the 4-position of 
the ir phenyl rings, starting from the corresponding 4-trim ethy ls ily l- 
derivatives. However, an attempt to iodinate a p e n ic illin  derivative
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in  a sim ilar fashion fa iled, presumably due to attack on the 
sulphur or 0-lactam ring.
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(21) (22)
In a subsequent paper, Jacob and coworkers27 described some 
similar reactions employing iodine monochloride in conjunction with 
s ilve r salts to bring about iododesilylation. A carbabenzyloxy 
protected 4-trimethylsilylphenylalanine ester was iodinated in good 
yield. Other experiments were focused on l,4 -b is (trim e thy ls ily l> - 
benzene; using one equivalent of s ilve r tetrafluoroborate / iodine
monochloride, i t  was shown that one trim ethy ls ily l group could be 
selectively cleaved, leading to a yie ld of > 99% of p-iodophenyl-
triuethylsilane. I t  must be emphasised that th is  work was conducted 
using only stable iadine-127.
The radioiodinatlon of some phenoxyacetic acid derivatives 
v ia  trimethylsilylated intermediates was described by Ohmomo et al,
in  1989.23 The interest in  these compounds lie s  in  the ir potential 
use as brain imaging agents. Using Ba12SI and NCS in  acetic acid 
at 65*C, a ry ltrim ethyls ily l derivatives of some dimethylaminoethyl 
phenoxyacetates, dlmethylaainoethyl phenoxyacetamides, phenoxyethyl 
ethylenediamines and phenoxyethylpiperazine were e ffic ie n tly  converted 
to the corresponding 12SI-labelled derivatives.
derivatives Is provided by the work of Pert and Ridley.29 They 
devised a strategy fo r the regiospecific preparation of 2-broma- 
and 2-iodoestradiol from the parent compound. This was achieved by
protecting the -OH groups as methoxymethyl- derivatives, lith ia tin g  
the protected compound with sec-BuLi in  THF, and quenching with
chlorotrimethylsilane. Exposure of the sily la ted derivatives to the 
electrophilic halogen reagents, MBS and 3JCS/I" afforded the 2-bromo- 
and 2-iodo- derivatives respectively.
Over the last 10 -  15 years, destannylation has become much 
more extensively used than desilylation for the incorporation of 
iodine isotopes. Work in  th is  area was pioneered by Hanson, Seitz 
and coworkerB30” '10 and an excellent review was published by Hanson 
in 1988.41 Three main reasons were given fo r the prefered use of
organotin intermediates.41 The f i r s t  of these, which is  also true 
for s ilicon compounds, is  that methods for the synthesis Df the 
organometallic derivatives are well documented in the lite rature .
Secondly, as has already heen discussed, carbDn-tin bonds are more 
readily cleaved than carbon-sillcon bonds. The th ird  reason for 
favouring t in  compounds was related to the ease of separation of
the radiohalogenated product from the precursor. I t  was pointed out
that the emplacement of a Bu3Sn- group by iodine would result in
a greater difference in  lip o p h llic ity  than would desilylation, or 
ip s o  halogenation of diazonium salts, triazenes or boronic acids. 
Hence, a radiopharmaceutical produced by destannylation would be 
more easily separated from i t s  precursor by reversed -  phase HPLC.
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One f u r t h e r  e x a m p le  o f  t h e  u s e  o f  t r i m e t h y l s l l y l a t e d
One of the f i r s t  compounds studied by Hanson's group was 
t amoxifen <23), the antiestrogen described on p .10.30-34
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(23) <24) (25)
The dlmethylaminoethoxy side chain of th is  compound made 
i t  ideally suited fo r o r th o -directed lith ia tio n , and subsequent 
transmetallation with n -tr ib u ty lt ln  chloride afforded the stannylated
intermediate (24) in 98% yield. This was readily converted to the 
iodinated product (25) on exposure to  iodine in  CC1*, 12SI-iodine 
monochloride or 5a,25I / chloramine-T. The highest yie ld of labelled 
product was however obtained using hydrogen peroxide / acetic acid 
as the i n  s i t u  oxidant. This was achieved by incubating such an
oxidising mixture with Na,3?sI and n-tributylstannyltamoxifen for 5
minutes at ambient temperature, The reaction was quenched by the 
addition of sodium metabisulphite, and the product was isolated by 
means of reversed-phase HPLC. The product was eluted well ahead of 
the unreaoted stannylated precursor. This lith ia tio n  -  stannylation 
strategy was later used by Bloomer a t  a l A *  for the astatination 
of tamoxifen, using Na211At.
O
Following the ir work with tamoxifen, Hanson and coworkers 
explored the poss ib ilities  of radio!odinating a variety of other 
b iologically significant molecules by the attachment of stannylated 
thiophene moieties.36-40
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(28)
Thiophene was f i r s t  2,5 -d i-lith ia te d  and converted to 2,5- 
bis(trimethylstannyl)thiophene using trim ethyltin  chloride. In th is 
instance, the trim ethyltin  derivative was used in  preference to the 
tr ib u ty lt in  analogue because the substituted thiophene was a solid 
and could be recrystallised. The purified intermediate was then 
aono-lithiated to give the trimethylstannylthienyllithium shown in 
the above scheme. This was reacted with cyclic ketones as shown, 
thereby attaching the reactive stannylated thiophene moiety as a 
prosthetic group, ultimately allowing very fac ile  iodination.
The reaction was used to prepare analogues of haloperidol, 
a dopamine D-2 receptor with applications in  neuropathology33, some 
cycloalkanols with potential as cerebral imaging agents and some 
17-a-thienyl-estradiol derivatives, which were potential estrogen
receptor localising agents.35-40 Hanson's review41 also describes a 
great deal of research concerned with the iodination of vinyl 
substituted radiopharmaceuticals v ia  the tr ib u ty lt in  route.
In essence, Hanson's work employs phenyl, thienyl or vinyl 
moieties as prosthetic groups for the attachment of radioiodine to 
pharmaceuticals. This can be represented by the generalised scheme 
below :
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During the past few years, iododestaimylatian has seemingly 
become the most popular technique fo r the radioiodination of small 
aromatic molecules. A multitude of prosthetic groups for protein 
labelling, SPECT imaging agents, receptor antagonists, etc, have been 
labelled in  th is  way, resulting in  a vast body of lite rature . As 
a consequence, th is  section is  concluded with a snail number of 
selected examples rather than a comprehensive survey.
The preparation of simple p-iodophenyl- prosthetic groups 
for indirect protein labelling has already been mentioned <see
Section 1.4.2, p.52-54). Further to th is, Vilbur et a l.43-45 have 
published several papers on the staimylation and lodddestannylation 
of various non-activated prosthetic groups, the ir aim being the 
production of labelled monoclonal antibodies (HAb's), resistant to i n  
v iv a  deiodination. In a subsequent publication46, the use of th is 
ofiethodology in the 211At-labelling of UAb's v/as described. Vilbur 
and coworkers47 have also used the tr ib u ty lt in  route to prepare a 
radiolabelled phenylalanine derivative for use in peptide synthesis.
A great deal of recent lite ra ture  involving destannylation 
has been concerned with the labelling of substrates for SPECT 
studies. Imaging agents such as IMF (see p,12) and antagonists used 
in  receptor mapping studies have received the roost attention. A 
study of 123I-labe lling  of IMP-type compounds has recently been 
reported by Dao-Boulanger and coworkers.43. They prepared tr ib u ty lt in  
derivatives of IMP, N, N-dlmethylphenterniine and H-(2-diethylaminoethyl) 
-benzamide and used these in  n.c.a. radioiodination experiments. The 
displacement of bulky Bu3Sn- groups from these re la tive ly small
molecules caused such a change in lip o p h ilic ity  that purification
by HPLC was not found to be essential. The use of a Sep-Pak 
column allowed the iso lation of the high-specific-activity products.
Other classes of compounds which are frequently labelled
v ia  the destannylation route are dopamine D-2 receptor antagonists 
such as epidepride (29) and related compounds49-51, and benzodiazepine 
derivatives such as (30), used fo r i n  v iv o  Imaging and quantitation 
of receptor sites in the brain.52
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(29) <30)
In a ll of the aforementioned examples43-52, very sim ilar 
procedures have been adopted* In fact there would appear to be a 
well-established, tried  and tested routine fo r labelling compounds 
in th is  way. The f i r s t  step is  the synthesis of the hromo-, or 
sometimes iodo-, derivative of the substrate, usually on a fa ir ly  
large scale, This is  then converted to the tr ib u ty lt in  intermediate 
by one of two procedures. For simple molecules, which are stable 
towards base, reaction with n-butyllithium followed by tr ib u ty lt in  
chloride can be used. However, the more commonly used method is  
that developed by Azizian et a l.53, in  which the bromo precursor 
is  stannylated using b is (tr ib u ty ltin ) ( B U s S n z )  in  the presence D f  
palladium acetate and a zerovalent palladium catalyst (tetrakis t r i -  
phemylphospine palladium <0)j CPhaFl^Pd).
The iododestannylation step is  generally performed using 
a considerable excess of the t in  derivative, which is  ultimately 
removed by chromatography. The most commonly used in  s i t u  oxidant 
is  chloramine-T, although many of the other oxidants described in
Section 1.4.1 have also been used. For example, in  the ir work on 
benzodiazepines, McBride et a l.52 used lodogen to oxidise n.c.a. 
radioiodide. The fin a l step, that of chromatographic purification, is  
generally performed by means of reversed-phase HPLC, although, as 
noted above, th is  may not be essential for some smaller molecules.
The established procedure outlined above has been applied 
to a wide range of radiopharmaceuticals. Further examples are a 
p e n ic illin  derivative54, a prostaglandin receptor antagonist55, a 
retinoid55 and clorgyline, an aromatic imaging agent containing an 
alkyne function.57 These examples illu s tra te  how the facile cleavage 
of the carbon-tin bond allows the regiospecific iodination of 
complex molecules containing sensitive functionalities.
A notable departure from the routinely used procedures 
has recently been reported by Culbert and Hunter.55 They described 
an elegant piece of work using polymer-supported t in  in the 
preparation of labelled IMP.
Dne of the major problems associated with radiolabelling 
via demetallation at the n.c.a. level is  the separation of nano- 
molar quantities of product from unreacted metallated precursor.
In order to avert such d iff ic u lt ie s , Culbert and Hunter55 prepared 
the organotin polymer (31) from divinylbenzene. This was coupled, as 
shown, with a lith ia ted  N-isopropyl-amphetamine derivative, formed by 
treating the jp-bromo- analogue with two equivalents of n-BuLi. The 
a ry l-tin  bond was readily cleaved by iodine in  chloroform, leaving 
IMP in solution. Radioiodination was then attempted using Na131I 
and Iodobeads (see p.45) as the oxidant. The product, obtained in
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44% radiochemical yield, was readily separated from the polymeric 
precursor and the Iodobeads.
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<31) (32)
Na131l,
Iodobeads
(7)
Labelling strategies of th is  nature seem set to gain in 
popularity in  future years. The preparation and uses of polymer 
supported t in  reagents have recently been reviewed by Neumann.53
(ii)AcOH 
fiiilNH ,
involves the i n  s i t u  oxidation of iodine to an electrophilic
species in order to bring about demetal la t ion. In view of the
findings in  Chapter Four, that electrochemical oxidation of iodine
produces a reactive e lectrophilic iodine species, i t  was fe lt  
worthwhile to examine the action of such a species on aromatic
compounds bearing s i ly l substituents.
Trimethylsilyl derivatives of a number of simple aromatic
substrates were prepared v ia  Grignard reactions. The reaction of 
these with positive iodine species generated in  ds-acetonitrlle was 
examined by 1H NMR spectroscopy, A number of reactions were also
carried out on a preparative scale.
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5 .2  E x p e r im e n ta l
The w o rk  o f  H o e r le in  e t  a l .  1 9 -2 5  d e s c r ib e d  i n  S e c t io n  5 .1
5.2.1 Preparation of Silylated Arenes
Aryltrimethylsilanes were prepared v ia  Grignard reactions 
from the corresponding bramo- derivatives. The method used was 
sim ilar to that described by Hoerlein.60 The following procedure 
is  typ ica l:-
A crystal of Iodine was sublimed through Mg turnings
(2.6g, 0.11 mol) in a three-necked flask equipped with a magnetic
s tirre r. A solution of m-bromoanisole <18.7g, 0.10 mol) in 60 mis of
dry THF was added slowly, with heating to maintain steady boiling.
The mixture was maintained under nitrogen and refluxed for 4S6
hours. I t  was then allowed to cool to ca. 30*C, and with rapid
s tirr in g , a solution of chioratriiaethylsilane <11,0g, 0.1 mol) in  dry
TSF <50 mis) was added dropwise. Following th is  addition, the mixture
was refluxed for a further hours, then allowed to cool. I t  was
subsequently poured in to ca.200 mis of 5% aqueous ammonium chloride
solution and the product was extracted using dichloromethane <3 x 
30mls). The combined extracts were washed with aqueous sodium
bicarbonate solution and with vjater, then dried over anhydrous
magnesium sulphate. The desiccant was f ilte re d  o ff a fter 24 hours. 
Rotary evaporation of the f i l t r a te  afforded the product, m-anisyl-
trimethylsilane as a colourless o il <14.6g, 81%), essentially pure on
the basis of its  1H NHR spectrum.
*H NMR <CDC13 ) t 6 = 7.47 -  7.42 <t, 1H), 7.26 -  7.20 <m, 2H>,
7.06 -  7.02 <dd, IB), 3.97 <s, 3H), 0.40 (s, 9H).
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P r e p a r a t io n  D f m - A n i s y l t r i m e t h y l s i l a n e
( i)  Phenyltrimsthylsilane
The above procedure vras carried out using bromobenzene,
<15.7g, 0.10 mol). Extraction afforded phenylhrimethylsilane as a 
colourless o il.  The product x*as purified by d is tilla t io n , resulting 
in an isolated yield of 11. Og, 73%.
1H NMR (CDCls) : £ = 7.72 -  7.68 <m, 2H>, 7.55 -  7.51 (in, 3H>,
0.43 (s, 9H).
( i i )  p-Chlorophenyltrimethylsilane
The procedure was repeated using 4-bromochlorobenzene (19.2g,
0.10 mol) • The product was obtained as a pale yellow o il (15.9g,
86%). Its  1H SMS spectrum featured only the desired signals, and
the compound was not purified further.
’ H SHE (CDCls) : £ = 7.33/7.30 (d, 2H), 7.22/7.19 (d, 2H), 0.14 (s,
9H>.
( i i i )  jzrChloraphenyltrimethylsilane
Reaction of 3-bromochlorobenzene (15.3g, 0.08 mol) with chloro- 
trimethylsilane <S.7g, 0.08 mol) resulted in a pale yellow o il,  m~ 
chlorophenyltrimethylsilane (8.7g, 0.08 mol).
'H SMS (CDCla) : £ = 7.4 -  7.21 <m, 4H>, 0.17 (s, 9H)
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C o g n a te  P r e p a r a t io n s  o f  A r y l t r l m e t h y l s i l a n e s  :
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Repeating the above procedure with 4-broiaotoluene (17.3g,
0.10 iiQol) afforded p-tolyltrim etbylsilane as a pale brown o il (13.9g, 
35%), I t  was noticed that the product darkened on storage.
1H ME (CDCls) : S = 7.55/7.52 (d, 2H>, 7.30/7.27 (d, 2H> f 2.45 
(s, 3H), 0.37 (s, 9H).
<v) jErTrimethylsilylbenzotrifl'uoride
Starting with 3-bro3&obenzotri fluoride (11,3g, 0.05 mol), the 
procedure was repeated (using 5.5g, 0.05 mol of Me^SiCl) to yield 
jn-triinethylsilylbenzotrifluoride as a colourless o il (10.3g, 94%).
'H NMR (CDCla) : 6 = 7.32 - 7.79 On, 2H>, 7.67 -  7.64 (bd, 1H), 
7.57 - 7.51 (m, 1H), 0,28, (s, 9H).
< iv )  j q - T o l y l t r i m e t h y l s i l a n e
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5.2.2 Reaction of Silylated Arenes with Electrochemically Generated 
Positive Iodine
Electrochemically generated iodine <I> was prepared in dh~ 
acetonitrile solution as described in  Section 4.2.2. Thus, I2 (0.254g, 
1 mmol) was completely oxidised in 25mls of a 0.5H solution of 
lithium tetrafluoroborate in  CEbCN. Aliquots of th is  solution were 
added to solutions of aryltrimethylsilanes in  the same solvent and 
the ensuing reactions were monitored by 1H NMR spectroscopy. All 
such experiments were conducted at 25 *C.
Stock solutions of the aryltrimethylsilanes were prepared 
at 0.02 M by dissolving 1 x JL0“ 4 moles of each substrate in  5als 
of CEbCN. Typically, 0.5 ml portions of these solutions were placed 
in  NMR tubes, and the lodinating agent and further CDsCff were 
added in  varying proportions to give, fo r example 1.0, 1.5 or 2.0 
molar equivalents of I*.
( i) p-Tolyltrimethylsilane
Hixing molar equivalents of I*  and p-tolyltrimethylsilane 
in CDaCN resulted in  the rapid formation of p-iodDtoluene. This is  
illustra ted  in Fig. 5.3, which shows the aromatic regions of the 
of the spectra before and after mixing. The pair of doublets due 
to the starting material (at surprisingly d ifferent sh ifts  from 
those in CDCls) were replaced by the characteristic doublets of 
p-iodotoluene at S = 7.57/7.55 and 6.94/6.91 ppm. No trace of the 
o r th o -  isomer was evident, which is  invariably formed in  direct 
electrophilic attack on toluene.
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Fig. 5.3 : Reaction of I*  with p-Tolyltrimethylsilane : Aromatic 
Region of 1H JTHR Spectra Before and After Mixing.
The reaction was apparently instantaneous, even at greater 
d ilution. Single scan spectra at 2 second intervals showed the 
transformation to be too fast fo r kinetic study by NMR.
By way of comparison, a qualitative experiment was carried 
out in  which a considerable excess of molecular iodine was added 
to a portion of the p-tolyltrimethylsilane solution. Iododesilylation 
did occur, but to an extent of less than 10% over a period of 
30 minutes.
< ii) Phenyltrimethylsilane
The addition of a molar equivalent of I*  to phenyltri- 
methyl s i lane resulted in  rapid iododesilylation yielding iodobenzene. 
This was clear from the appearance of NMR signals at 8 = 7.71/ 
7.69, 7.35/7.33/7.30 and 7.13/7.10/7.08 ppm. No trace of the starting
m a te r ia l  rem ained . When an  e x c e s s  o f  I*  was u se d , an a d d i t io n a l  
peak  a p p e a re d  in  th e  sp e c tru m  a t  £ = 7 .4 6  ppm, a t t r i b u t a b l e  t o
1 , 4 -d i- ia d o b e n z e n e .
( i i i )  p -C h lo ropheny1t r i  m e th y Is i1ane
Exposure o f  t h e  t i t l e  compound to  an  e q u iv a le n t  o f I*  in  
CDaCN r e s u l t e d  in  r a p id  c o n v e rs io n  t o  p - io d o c h lo ro b e n z e n e . In  te rm s 
o f  IMS s ig n a l s ,  t h i s  was a p p a re n t  from  th e  re p la c e m e n t o f  th e  
d o u b le ts  o f  th e  s t a r t i n g  m a te r ia l  < 7 .3 3 /7 .3 0  and  7 .2 2 /7 .1 9  ppm) by 
new d o u b le ts  a t  £ = 7 .7 0 /7 .6 7  and 7 .1 7 /7 .1 4  ppm.
<iv> m -T r im e th y ls i ly lb e n z o t r i f lu o r id e
A d d itio n  o f a  s l i g h t  e x c e s s  o f  I*  t o  m - t r im e th y ls i ly l -  
b e n z o t r i f lu o r id e  in  CDaCIT y ie ld e d  m - io d o b e n z o tr i f lu o r id e .  W ith su ch  a 
d e a c t iv a te d  s u b s t r a t e ,  i t  had been  a n t i c ip a t e d  th a ir  th e  m e ta l l a t io n  
may have been c o n s id e ra b ly  s lo w e r. However, u s in g  s ta n d a r d  ’ H HUE 
p ro c e d u re s , r e q u i r in g  ca. 6 m in u tes  be tw een  sam ple p r e p a r a t io n  and 
sp ec tru m  a c q u is i t i o n ,  t h e  r e a c t i o n  was se e n  to  be co m p le te  w ith in  
t h i s  t im e . The s i l y l a t e d  d e r iv a t iv e  (BMR s ig n a l s  a t  7 .8 2 /7 .7 9 ,  7 .6 8 /  
7 .6 5  and  7 .5 7 /7 .5 5 /7 .5 2  ppm) was c o n v e r te d  t o  m - ia d o b e n z o tr i f lu o r ld e ,  
i d e n t i f i e d  by s ig n a l s  a t  £ “  8 .0 5  -  7 .9 7  (m, 2H ), 7 .7 1 /7 .6 8  (d , 1H) 
and 7 .3 6 /7 .3 3 /7 .3 0  ( t ,  1H). Thus, th e  c o m b in a tio n  o f  e le c tro c h e m ic a l  
o x id a t io n  w ith  r e g i o s p e c i f i c  s i l y l a t i o n  a llo w s  th e  p r e p a r a t io n  o f  
a d e r iv a t iv e  which i s  n o t  a c c e s s ib le  by d i r e c t  a t t a c k  o f  I*  on 
b e n z o t r i f lu o r id e .
-2 5 7 -
o f  W ilbur e t  a l . i s , r e g a rd in g  ortho/para h a lo g e n o d e p ro to n a tio n  o f 
m e ta - s i ly la te d  a n is o le  and  phen o l d e r i v a t i v e s  (p .233~4> , c o m p lic a tio n s
were a n t i c ip a t e d  w ith  t h i s  compound. Thus, para- i o d in a t io n  was
e x p e c te d  r a t h e r  th a n  m eta- io d o d e s i ly l a t i o n .  In  th e  e v e n t,  a  f u r t h e r  
p rob lem  was e n c o u n te re d  i n  t h a t  r a d i c a l  c a t i o n  in te r m e d ia te s  were 
a p p a re n t.  When th e  io d in a t in g  a g e n t was added  tD  th e  s u b s t r a t e  in  
CEbCN, an  in te n s e ,  d a rk -g re e n  c o lo u r  was p roduced  and  a  m u lt i tu d e  
o f  s ig n a l s  were seen  i n  th e  1H MUR sp e c  trum .
<vi) T riphenylgerm ane
A sam ple o f  tr ip h e n y lg e rm a n e , PhaGeH (33>, was found  t o  be 
a v a i l a b le  i n  th e  la b o r a to r y ,  i n  th e  fo rm  o f  a  w h ite  c r y s t a l l i n e  
s o l i d .
-2 5 8 -
(v ) m - A n is y l t r im e th y ls i la n e
In  th e  l i g h t  o f  th e  f in d in g s  o f  Eaborn and W ebster7 and
(33)
The compound was u sed  i n  s e v e r a l  H1SR e x p e rim e n ts  u s in g  
v a r io u s  q u a n t i t i e s  o f th e  I*  r e a g e n t .  The 1H NMR sp e c tru m  o f  th e  
s t a r t i n g  m a te r ia l  in  CD3 CF f e a tu r e d  two g ro u p s  o f  s ig n a l s  from  
th e  a ro m a tic  p ro to n s , c e n tr e d  a t  £ - 7 .5 3  and  7 .4 1  ppm. On m ixing  
w ith  ca. 3 e q u iv a le n ts  o f  a  CD3CN s o lu t i o n  o f  I* , th e s e  s ig n a l s
were r a p id ly  r e p la c e d  by s ig n a l s  a t t r i b u t a b l e  t o  iodobenzene (a
d o u b le t  and two t r i p l e t s ,  c e n tr e d  a t  S = 7 .7 1 , 7 .3 7  and  7 .1 5  ppm, 
r e s p e c t i v e ly ) .  An a d d i t io n a l  peak  a p p e a re d  a t  £ = 7 .4 6  ppm, due t o  
sooe p -d i- io d o b e n z e n e .
When th e  e x p e rim e n t was p e rfo rm ed  u s in g  a  f u r t h e r  e x c e s s  
o f  I* , th e  s ig n a l  a t  £ = 7 .4 6  ppm became th e  dom inant peak  i n  th e  
sp ectru m . In  a d d i t io n ,  m inor s i g n a l s  a t  £ = 7 .9 2  and  7 .1 0  ppm showed
th e  p re se n c e  o f  some o -d iio d o b e n z e n e . In  a d d i t io n  t o  th e s e  e x p e c te d
s ig n a l s ,  two sm a ll t r i p l e t s  were se e n  a t  £ = 7 .7 9  and 7 .6 4  ppm, 
which were n o t i d e n t i f i e d .
In  summary, a l l  t h r e e  pheny l s u b s t i t u e n t s  o f  (33) were
r e a d i l y  c le a v e d  from  th e  m e ta l c e n t r e  by th e  a c t i o n  o f  I* , th u s
p ro d u c in g  iodobenzene. In  th e  p re se n c e  o f  e x c e s s  i o d in a t in g  a g e n t, 
t h i s  r e a c te d  f u r t h e r  t o  g iv e  d i- io d o b e n z e n e s .
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5 .2 .3  I n v e s t ig a t io n  o f  a  D ir e c t  S i l y l a t i o n  Method -
T r im e th y l s i ly la t io n  v ia  O r th o - L i th ia t io n
A s e r io u s  c o n s t r a i n t  on th e  u se  o f  s i l i c o n ,  germanium, t i n
o r  boron  in  th e  r a d io io d in a t io n  o f  p h a rm a c e u tic a ls  i s  t h a t  th e
m e ta l la te d  d e r iv a t iv e s  a r e  g e n e r a l ly  p re p a re d  v i a  G rig n a rd  r e a c t io n s  
w hich r e q u i r e  h a lo g e n a te d  p r e c u r s o r s .  The o v e r a l l  p ro c e s s  i s  th u s
h a lo g en  f o r  h a lo g en  exchange . In  v iew  o f  t h i s ,  a  p o s s ib le  m ethod 
o f  p ro d u c in g  m e ta l la te d  d e r i v a t i v e s  w ith o u t a  need  f o r  h a lo g e n a te d  
s t a r t i n g  m a te r i a ls  h a s  been  exam ined.
In  1983, K rizan  and M a rtin 51 r e p o r te d  on th e  p r e p a r a t io n  
o f  s i l y l a t e d  d e r i v a t i v e s  and  a ry lb o r o n ic  a c id s  via th e  in situ 
t r a p p in g  o f  o r  Abo-1 i t h i a t e d  a ro m a tic s , T h is  was a c h ie v e d  u s in g  a 
s t e r i c a l l y  encum bered b a se , l i t h iu m  2 , 2 , 6 , 6 - te t r a m e th y lp ip e r id id e ,  and 
c h lD ro tr im e th y ls i la n e  <TKSC1> o r  t r im e th y l  b o r a te  t o  t r a p  th e  a r y l -  
l i th iu m  in te r m e d ia te s  b e fo r e  th e y  c o u ld  undergo  u n d e s ir a b le  s e l f ­
c o n d e n sa tio n  r e a c t io n s .  The s u c c e s s  o f  th e  ap p ro a c h  was dependen t 
on two c r i t e r i a ;  i t  was n e c e s s a ry  t h a t  th e  b a se  d e p ro to n a te d  th e  
a ro m a tic  s u b s t r a t e  more r a p i d l y  th a n  i t  r e a c te d  w ith  th e  t r a p ,  and 
t h a t  th e  r e s u l t i n g  a r y l l i t h i u m  In te r m e d ia te  r e a c te d  more r a p id ly
w ith  th e  t r a p  th a n  w ith  th e  a ro m a tic  s u b s t r a t e .
T h is  s e c t io n  d e s c r ib e s  some e x p e rim e n ts  i n  which such
an  ap p roach  was used  i n  an a tte m p t t o  s i l y l a t e ,  and u l t im a te ly  
iD d in a te , some a ro m a tic  s u b s t r a t e s  d e a c t iv a te d  to w a rd s  e l e c t r o p h i l i c  
a t t a c k .  A 1 : 3 : 6  s u b s t r a t e  -  b a se  -  THSG1 s to ic h io m e tr y  was used,
in  acco rd an ce  w ith  t h e  m ethod Df K riz a n  and  M a r t in .51
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To 2 , 2 , 6 , 6 - te t r a m e th y lp ip e r id in e  <0.828g, 6mmol> i n  ca. 5mls
o f  THF was added n~BuLi (3 .8 m ls , 1 .6  M in  hexane, 6bdid1) a t  room
te m p e ra tu re  under n i t r o g e n .  The s o lu t io n ,  r e f e r e d  t o  h e r e a f t e r  a s  
LiTHP, was c o o le d  to  - 7 8 *C p r i o r  t o  u se , by means o f  a  d ry  ic e  
-  a c e to n e  b a th .
R e a c tio n s  w ith  S e le c te d  S u b s t r a te s  
< i ) 1 ,4-D i cyanobenzene
A s o lu t io n  o f  LiTSP C6mmol) was p re p a re d  a s  d e s c r ib e d
above and  c o o le d  t o  - 7 8 *C. To t h i s  was added f r e s h l y  d i s t i l l e d  
c h io r o t r im e th y ls i la n e  (1 .3 5 g , 12mraol) i n  ca. 20m ls o f  THF, fo llo w e d  
by th e  s u b s t r a t e ,  1 ,4 -d ic y a n o b en z e n e  (Q .256g, 2mmol>, i n  a  f u r t h e r  
20m ls o f  THF. A re d  c o lo u r  d e v e lo p e d  a s  th e  s u b s t r a t e  was added. 
The m ix tu re  was s t i r r e d  a t  - 7 8 *C f o r  15 -  20 m in u te s , th e n  a llo w ed  
t o  warm s lo w ly  t o  room te m p e ra tu re . A f te r  ca. 1 h o u r, th e  a p p a ra tu s  
was d ism a n tle d ; th e  r e d  s o lu t i o n  i n s t a n t l y  became p a le  y e llo w  on
ex p o su re  t o  m o is t a i r .  I t  was th e n  p ou red  i n t o  a  l a r g e  volume 
(ca. 200m ls) o f  w ater and  t h e  p ro d u c ts  were e x t r a c t e d  w ith  d ie th y l  
e th e r  (3 x 5 0 a l s ) . I t  was fo u n d  n e c e s s a ry  t o  add  sodium  c h lo r id e  
t o  a id  s e p a r a t io n  o f  th e  p h a s e s . B th e r  e x t r a c t s  were p o o led , washed 
w ith  1.5H h y d ro c h lo r ic  a c id  (2 x 50m ls>, and w ith  w a te r  <2 x 50m ls), 
th e n  d r ie d  o v e r an h y d ro u s p o ta s s iu m  c a rb o n a te . E v a p o ra tio n  o f th e  
s o lv e n t  a f fo rd e d  a  y e llo w  s o l i d .  T h is  was d is s o lv e d  i n  b o i l in g  
m ethanol and th e  s o lu t io n  was t r a n s f e r e d  t o  an  e v a p o ra t in g  b a s in . 
W hite c r y s t a l s  were p ro d u ced  which were f i l t e r e d  o f f  by s u c tio n .
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P re p a ra t io n  o f  L ith iu m  2 , 2 , 6 , 6 -T e t ra m e th y lp ip e r id e  <LiTKP>
two l i n e s  o n ly ; a t  6 - 7 .9 5  and S - 0 .4 1 . I n t e g r a l s  were found to
be in  th e  r a t i o  1 : 9. T h is  i s  c o n s i s t e n t  w ith  any one o f  th e
th r e e  p o s s ib le  iso m e r ic  d i s i l y l a t e d  d e r i v a t i v e s ,  (3 4 ), (35> o r  (36):
-2 6 2 -
The ’ H NKR sp e c tru m  was re c o rd e d  I n  CDaCff s o lu t io n  and fe a tu re d
M e,S i S iM e
(34) (35) (36)
On s t e r i c  g rounds, (34) seem s to  be m ost l i k e l y .
The m e ltin g  p o in t  o f th e  p ro d u c t  was m easured a s  135-137 *C. 
E lem en ta l a n a ly s i s  : C a lcd , f o r  Ci^H zoN zSis; C 61.7% , H 7.4%, N 10.3%, 
found C 60.9% , H 7.5%, N 10.1%.
1 ,4 - b is ( t r i f lu o r o m e th y l ) b e n z e n e  (0 .4 2 8 g , 2mmol). The s o lu t i o n  rem ained  
c o lo u r le s s  th ro u g h o u t th e  p ro c e s s .  E x t r a c t io n  w ith  d ie th y l  e th e r ,  
fo llo w e d  by e v a p o ra tio n , a f f o r d e d  a  c o lo u r l e s s  o i l  from  which 
c r y s t a l s  were d e p o s i te d  on c o o lin g . R e c r y s t a l l i s a t i o n  from  m ethanol
r e s u l t e d  i n  w h ite  c r y s t a l s  w ith  m e lt in g  p o in t  44-46*C. As in  ( i ) ,
th e  ’H BUR sp ec tru m  (CDaCN s o lu t io n )  f e a tu r e d  j u s t  two l i n e s ,  a t  
£ = 8 .0 3  and S ~ 0 .34  ppm. The p ro d u c t i s  th o u g h t m ost l i k e l y  t o
he th e  2 , 5 - d i s i l y l a t e d  d e r i v a t i v e ,  (37) :
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( i i )  1 ,4 -B is  ( t r i f  lu o ro m e th y  I )  benzene
The p ro ce d u re  d e s c r ib e d  i n  p a r t  <i> was c a r r ie d  Dut u s in g
The y i e ld ,  a f t e r  two r e c r y s t a l l i s a t i o n s ,  was 0 ,322g (45%).
E lem en ta l a n a ly s i s  : G alcd . f a r  C i^H zoFeSiz, C 46.9%, H 5.6%, found 
C 46.7%, H 5.7%.
S iM e 3
IVIe3Si
(37)
A ttem pted  R e a c tio n  Df S i l y l a t e d  D e r iv a t iv e s  w ith  Io d in e  ( I )  S p e c ie s  
On th e  b a s i s  o f  e le m e n ta l  a n a ly s e s  and  MR s p e c t r a l  d a ta ,
th e  p ro d u c ts  o f  th e  p r e v io u s  e x p e r im e n ts  a r e  th o u g h t most l i k e l y  
t o  be th e  2,5 - d i s i l y l a t e d  d e r i v a t i v e s  o f  1 ,4 -d ic y a n o -  and 1 ,4 - b i s -  
( t r if lu o ro m e th y l)b e n z e n e , (34) and (3 7 ). The n e x t s ta g e  o f th e  s tu d y
was th e  a tte m p te d  d e s i l y l a t i o n  o f  th e s e  d e r i v a t i v e s ,  u s in g  e l e c t r o -  
c h e m ic a lly  g e n e ra te d  io d in e  <I>,
For t h i s  p u rp o se , " I*  t r i f l a t e "  was p roduced  in  a c e t o n i t r i l e
s o lu t io n ,  a s  d e s c r ib e d  in  S e c t io n  4 .2 .4  ( i ) ,  p . 204, O x id a tio n s  were
perfo rm ed  in  0 .2 5  M l i t h iu m  t r i f lu o r o m e th a n e s u l f o n a te ,  u s in g  0 .254g  
(1 mmol) p o r t io n s  o f  io d in e .  Com plete o x id a t io n  th u s  r e s u l t e d  in  
b a tc h e s  o f  I*  s o lu t io n  c o n ta in in g  a  maximum o f  2 mmol. These were 
added t o  f l a s k s  c o n ta in in g  2 , 5 - d i ( t r i m e t h y l s i l y l > -1 ,4 -d icy an o b en zen e  
( 0 .136g, 0 .5  mmol) and 2 , 5 - d i ( t r i m e t h y l s i l y l ) - l , 4 ~ b l s ( t r i f l u o r o m e t h y l ) -  
benzene ( 0 .179g, 0 .5  mmol), r e s p e c t iv e ly .  Bach r e a c t i o n  m ix tu re  was 
a llo w e d  to  s t i r  o v e rn ig h t  a t  room te m p e ra tu re , b e fo re  p o u rin g  in to
w a te r and  e x t r a c t in g  w ith  d i e th y l  e th e r .  S ub seq u en t NJER a n a ly s i s  
r e v e a le d  t h a t  th e  d e s i r e d  r e a c t i o n s  had n o t o c c u rre d . The s t a r t i n g  
m a te r i a l s  were e x t r a c t e d  unchanged.
The c o n c lu s io n  t h a t  i s  drawn from  t h i s  r e s u l t  i s  t h a t
th e  p re se n c e  o f  two e le c tro n -w ith d ra w in g  g ro u p s, such  a s  -CF3 o r
-CN, r e n d e r s  th e  r in g  to o  e l e c t r o n - d e f i c i e n t  f o r  a t t a c k  by I* . Thus
th e  s u b s t i t u e n t s  which f a c i l i t a t e  orth o - l i t h i a t i o n  and su b seq u en t 
s i l y l a t i o n  do n o t a llo w  e l e c t r o p h i l i c  a t t a c k  t o  o c c u r, d e s p i t e  th e  
f a c t  t h a t  jn - t r im e th y ls i ly lb e n z o t r i f lu o r id e  r a p id ly  underw ent d e s i l y l -  
a t i o n  w ith  th e  I*  r e a g e n t . ( S e c t io n  5 .2 .2  ( v ) ) .
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In  a  b id  to  in c r e a s e  th e  e l e c t r o p h i l i c i t y  o f  th e  r e a g e n t,  
TFA was added to  th e  r e a c t i o n  m ix tu re . Once a g a in , lmmol o f  io d in e  
was e x h a u s t iv e ly  o x id is e d  in  0 .2 5  H CF3S03- L i*  in  a c e t o n i t r i l e .  The 
co m p le te  a n o ly te  was th e n  added to  a  f u r t h e r  p o r t io n  o f  2 , 5 - d i -  
< tr im e th y ls i ly l )~ l ,4 - d ic y a n o b e n z e n e  ClOOmg), d is s o lv e d  i n  30m ls o f  TFA. 
The r e a c t io n  m ix tu re  m s  a llo w e d  t o  s t i r  f o r  4 days, b u t a s  above 
no r e a c t i o n  to o k  p la c e .
-2 6 5 -
As in  th e  c a s e  o f  m e th o d o lo g ie s  in v o lv in g  t h a l l i a t e d  and 
m e rc u r ia te d  d e r iv a t iv e s  (C h ap te r Two), io d in a t io n  via Group IVb o rg an o - 
m e ta l l i c  i n t e r  m ed ia te s  i s  a  w e l l - e s t a b l i s h e d  te c h n iq u e . T h is  i s  
r e f l e c t e d  i n  th e  le n g th y  re v ie w  o f  th e  t o p i c ,  S e c t io n  5 .1 .
The work d e s c r ib e d  i n  t h i s  c h a p te r  was u n d e rta k e n  f o r  
t h r e e  main re a s o n s . F i r s t l y ,  i t  seemed a  l o g ic a l  e x te n s io n  o f  th e  
work d e s c r ib e d  in  C h ap te r F ou r, t o  make th e  s u b s t i t u t i o n  p ro c e s s  
more r e g i o s p e c i f i c  by th e  u se  o f  m e ta l la te d  p r e c u r s o r s .  The second  
r e a s o n  was t o  a d d re s s  th e  p rob lem  o f  com peting  r e a c t i o n s  i n  io d o -  
d e m e ta l la t io n  p ro c e d u re s . As n o te d  i n  S e c t io n  5 .1 ,  t h e  e f f i c i e n c i e s  
o f  e x i s t in g  m e th o d o lo g ie s  a r e  o f te n  r e s t r i c t e d  by th e  p re s e n c e  o f 
o th e r  e l e c t r o p h i l e s ,  l e a d in g  t o  com peting  c h lo r o d e a e t a l l a t i o n  w ith  
NCS and r e l a t e d  r e a g e n ts ,  and com peting  p r o t io d e m e ta l la t io n  w ith  
a c id i c  r e a g e n ts .  W ith c o n t r o l  o f  th e  number o f  coulom bs p a s se d ,
a n o d ic  o x id a t io n  o f  io d in e  can  be e x p e c te d  t o  g e n e ra te  a  s o lu t io n  
o f  I*  f r e e  from  o th e r  e l e c t r o p h i l e s ,  w hich may th e r e f o r e  be
ad v an tag eo u s i n  io d o d e m e ta l la t io n .
The t h i r d  r e a s o n  f o r  p e rfo rm in g  th e  work d e s c r ib e d  in  
S e c tio n  5 .2  was to  a s c e r t a i n  w hether t h e  u se  o f  more r e a c t i v e
io d in e  e l e c t r o p h i l e  w ould e x te n d  th e  ra n g e  o f u t i l i t y  o f  s i l y l a t e d
p r e c u r s o r s  to w ard s more e l e c t r o n - d e f i c i e n t  a re n e s . As d e s c r ib e d  in  
th e  in t r o d u c t io n  ( p .244 -  2 5 0 ), th e  v a s t  m a jo r i ty  o f  r a d io io d in a t io n s  
in v o lv in g  d e m e ta l la t io n s  a r e  pe rfo rm ed  u s in g  th e  v e ry  r e a c t i v e  
s ta n n y la te d  d e r iv a t iv e s .  S i l y l a t e d  d e r i v a t i v e s  a r e  g e n e r a l ly  n o t  
c o n s id e re d  u s e fu l  f o r  su ch  a p p l i c a t i o n s  owing t o  t h e i r  r e l a t i v e l y
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slow  r e a c t i o n s  w ith  in situ g e n e ra te d  io d in e  e l e c t r o p h i l e s .  However 
th e  use  Df a  p refo rm ed  I*  s p e c ie s ,  su ch  a s  t h a t  p roduced  by 
a n o d ic  o x id a t io n , may make r a p id  io d o d e s i ly l a t i o n  a  f e a s i b l e  o p tio n . 
T h is  would be d e s i r a b le  f o r  some a p p l i c a t i o n s  s in c e  s i l y l a t e d  
d e r i v a t i v e s  p o s s e s s  t h e  c o n s id e ra b le  ad v a n ta g e  o f  g e n e ra l  chem ical 
s t a b i l i t y .  W hereas t r i a l k y l t i n  s u b s t i t u e n t s  g e n e r a l ly  have t o  be 
in tro d u c e d  im m ed ia te ly  p r i o r  t o  th e  h a lo d e m e ta l la t io n  s te p ,  i t  
may be p o s s ib le  t o  c a r r y  t r i m e t h y l s i l y l  g ro u p s  th ro u g h  s y n th e t i c  
p ro c e d u re s . The s t a b i l i t y  o f  s i l y l a t e d  d e r i v a t i v e s  a l s o  a l lo w s  them  
t o  be s to r e d  f o r  lo n g  p e r io d s .
A s e r i e s  o f  s im p le  t r i  m e th y ls i ly la te d  a ro m a tic  s u b s t r a t e s  
was p re p a re d  v ia  G rig n a rd  r e a c t i o n s  from  th e  c o rre s p o n d in g  bromo- 
d e r i v a t i v e s  (S e c t io n  5 .2.1 ) . These r e a c t i o n s  p ro ce e d e d  w ith  g e n e r a l ly  
good y i e ld s ,  th e  h ig h e s t  y i e l d s  b e in g  o b ta in e d  on d ay s  o f  low 
h u m id ity . The r e a c t i o n s  o f  th e s e  compounds w ith  e le c tr o c h e m ic a l ly  
g e n e ra te d  I*  were s tu d ie d  d i r e c t l y  by r e c o rd in g  ’ H BER s p e c t r a  
o f  th e  r e a c t io n  m ix tu re s . As e x p e c te d , jp - to ly l t r im a th y ls i l a n e  and 
p -c h lo r o p h e n y l t r im e th y ls i la n e  underw ent co m p le te  and r e g i o s p e c i f i c  
ipso d e m e ta l la t io n ,  y i e ld in g  jp -io d o to lu e n e  and p -c h lo ro io d o b e n z e n e  
r e s p e c t iv e ly .  In  b o th  c a s e s ,  t h e  o r tA o -lso m e rs , w hich a r e  i n v a r i a b ly  
form ed by d i r e c t  io d in a t io n  o f  th e  p a re n t  compounds, were n o t  
d e te c ta b le .
m -T r im e th y ls i ly lb e n z D tr if lu o r id e  p ro v id e s  an  exam ple i n  which 
in s ta l l a t io n  e x te n d s  th e  ra n g e  o f  compounds t h a t  c a n  be io d in a te d  
by e l e c t r o p h i l i c  a t t a c k .  The p a re n t  compound, b e n z o t r i f lu o r i d e  i s  
i n e r t  to w ard s a n o d ic a l ly  p roduced  I* . However, a s  d e s c r ib e d  in
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S e c tio n  5 .2 .2  ( iv ) ,  jB - t r im e th y l s i ly lb e n z o t r i f lu o r id e  und erg o es r a p id  
io d o d e m e ta l la t io n  when e x p o sed  t o  th e  r e a g e n t ,  y i e ld in g  th e  o th e r ­
w ise  in a c c e s s ib le  m - io d o b e n z a t r i f lu o r id e .
At th e  o th e r  end o f  t h e  r e a c t i v i t y  s c a le ,  th e  u se  o f  I*  
was found  t o  be in c o m p a tib le  w ith  e l e c t r o n - r i c h  s u b s t r a t e s  su ch  a s
m -a n is y l t r im e th y ls i la n e .  As n o te d  in  S e c t io n  5 .2 .2  <v), th e  a d d i t io n  
o f  I*  t o  t h i s  compound i n  a c e t o n i t r i l e  s o lu t io n  p roduced  a d a rk  
g re e n  c o lo u r a t io n ,  t y p i c a l  o f  r e a c t i o n s  in v o lv in g  r a d i c a l  c a t io n s
o f  a n is o le  d e r iv a t iv e s .  S u b seq u en t w ork-up o f  th e  r e a c t io n  m ix tu re  
y ie ld e d  a  com plex m ix tu re  o f  p ro d u c ts ,  and none o f  th e  d e s i r e d
m -io d o a n iso le .
The r e s u l t s  d i s c u s s e d  above i l l u s t r a t e  t h a t ,  o v e r a l l ,  th e  
u se  o f  s i l y l a t e d  p r e c u r s o r s  s h i f t s  th e  ran g e  o f  compounds t h a t  
can  be io d in a te d  in  th e  d i r e c t i o n  o f  l e s s  e l e c t r o n - r i c h  a re n e s .  In  
th e  b ro a d e r  c o n te x t  o f  r a d i o i o d in a t i o n  o f  s u b s t r a t e s  o f  b io lo g ic a l  
i n t e r e s t ,  th e  m ethod w ould seem  to  be u s e fu l  o v e r a  r e a s o n a b ly  
b ro ad  sp e c tru m  o f r e a c t i v i t i e s ,  ra n g in g  from  m o d era te ly  a c t i v a t e d  
compounds < e.g . to lu e n e )  t o  q u i t e  d e a c t iv a te d  compounds ( e .g .  b e n z o t r i -  
f l u o r i d e ) .
P e rh ap s  th e  b ig g e s t  r e s t r i c t i o n  on th e  u se  o f  Group IVb 
o rg a n o m e ta l l ic  in te r m e d ia te s  i s  t h a t  h a lo g e n a te d  p r e c u r s o r s  a r e  
g e n e r a l ly  r e q u i r e d  to  g e n e ra te  them . I t  was f o r  t h i s  re a s o n  t h a t
th e  work d e s c r ib e d  i n  S e c t io n  5 .2 .3  was u n d e rta k e n . D ir e c t  t r im e th y l  
- s i l y l a t i o n  o f  some d e a c t iv a te d  s u b s t r a t e s  was a tte m p te d  em ploying 
th e  method o f  K rizan  and  M a r t in .51 The te c h n iq u e  in v o lv e s  ortho- 
l i t h i a t i o n  o f  th e  a re n e  a s  th e  f i r s t  s te p ,  and i s  th u s  r e s t r i c t e d
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t o  s u b s t r a t e s  w ith  a c id i c  ortho-p ro to n s ,  i . e .  th o s e  a d ja c e n t  t o  
s u b s t i t u e n t s  su c h  a s  ~C3f and  -COOS. In  t h i s  s tu d y , 1 ,4 -d lc y a n o -  
benzene and 1 ,4 - b is ( t r i f lu o r o m e th y l ) b e n z e n e  were u sed  to  exam ine 
th e  r e a c t io n .  E a r ly  e x p e r im e n ts , n o t  r e p o r te d  i n  S e c t io n  5 .2 .3 ,  were 
c a r r i e d  o u t u s in g  o n ly  a  s m a ll e x c e s s  o f th e  b a se  (LiTMP) and 
t r a p  (TKSC1) o v e r th e  amount o f  s u b s t r a t e .  These le d  t o  com plex 
m ix tu re s  o f  p ro d u c ts  w hich x-rere n o t r e a d i ly  s e p a r a te d .  However, 
u s in g  a  1 : 3 : 6  s u b s t r a t e  -  base  -  t r a p  r a t i o ,  a s  u sed  by K fizan  
and M a rtin 6 1 , b o th  s u b s t r a t e s  were c le a n ly  d i s i l y l a t e d .  I t  seen® 
l i k e l y  t h a t  th e  c o n s id e r a b le  e x c e s s  o f  r e a g e n ts  e n s u re s  com plete  
d i s i l y l a t i o n  and  t h a t  a  t h i r d  s u b s t i t u t i o n  does n o t  o c c u r, p o s s ib ly  
f o r  s t e r i c  re a s o n s . The s i t u a t i o n  w ith  1 ,3 - b is ( t r i f lu o ro m e th y l )b e n z e n e  
was n o t so  c l e a r - c u t ;  m u lti-co m p o n en t m ix tu re s  were p roduced  and 
th e  m a tte r  was n o t p u rsu e d  f u r t h e r .
As n o te d  in  S e c t io n  5 .2 .3 ,  th e  fa v o u re d  s t r u c t u r e s  f o r  th e  
d i s i l y l a t e d  p ro d u c ts  a r e  (34) and (3 7 ), r e s p e c t iv e ly .  These were th e n  
u sed  i n  a tte m p te d  io d o d e s i ly l a t i o n  r e a c t i o n s  w ith  e le c tr o c h e m ic a l ly  
g e n e ra te d  I* . I t  was a n t i c i p a t e d  t h a t  th e  d e a c t iv a te d  s u b s t r a t e s
may have been  r e s i s t a n t  t o  e l e c t r o p h i l i c  a t t a c k ,  hence, th e  more 
r e a c t i v e  " I*  t r i f l a t e "  r e a g e n t  (se e  C h ap te r Four) was g e n e ra te d  by 
u s in g  CFsSOsLi a s  th e  e l e c t r o l y t e .  In  th e  e v e n t, even  t h i s  r e a g e n t
d id  n o t c le a v e  th e  t r i m e t h y l s i l y l -  g ro u p s  and so  th e  u l t im a te  g o a l
o f  th e  e x p e rim e n ts  was n o t  a c h ie v e d . One may s p e c u la te  t h a t  th e  
d e s i r e d  r e a c t i o n s  would have been f e a s i b l e  w ith  t r im e th y lg e rm y l-  
s u b s t i t u e n t s ,  o r  f a i l i n g  t h a t ,  t r im e th y ls t a n n y l -  s u b s t i t u e n t s ,  b u t 
tim e  d id  n o t  p e rm it a  c o n f irm a tio n  o f  t h i s  t o  he made. Even i f
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su ch  r e a c t i o n s  were f e a s i b l e ,  th e  u t i l i t y  o f  th e  m ethod would be 
r e s t r i c t e d  by th e  n a tu re  o f  th e  s i l y l a t i o n  p ro c e d u re , i . e .  th e  
f u n c t io n a l  g ro u p s  p r e s e n t  would have t o  be c o m p a tib le  w ith  th e  
u se  o f an  o rg a n o li th iu m  r e a g e n t .
A p o s s ib le  a p p l i c a t i o n  o f  such  m ethodology, assum ing  t h a t  
g e rm y la te d  o r  s ta n n y la te d  d e r i v a t i v e s  can  be c le a v e d  by I* , may be 
i n  th e  a re a  o f  d e a c t iv a te d  p r o s t h e t i c  g ro u p s  f o r  p r o te in  l a b e l l i n g  
( se e  p . 5 4 ) . A b e n z o n i t r i l e  d e r i v a t i v e ,  b e a r in g  a  s u i t a b ly  p r o te c te d  
b r id g in g  u n i t ,  c o u ld  p e rh a p s  be m e ta l la te d  ortho t o  -CH, and th e n  
r a d io io d in a te d  t o  p ro v id e  a  p r o s t h e t i c  g roup  h ig h ly  r e s i s t a n t  t o  
in vivo d e h a lo g e n a tio n .
In  summary, th e  u se  o f  s i l y l a t e d  a ro m a tic  s u b s t r a t e s  
in t r o d u c e s  r e g i o s p e c i f i c i t y  i n t o  th e  r e a c t i o n s  o f  e le c t r o c h e m ic a l ly  
g e n e ra te d  I* . The f a m i l i a r  2 : 1 para -  ortho isom er r a t i o  found  in  
d i r e c t  i o d in a t io n s  o f  to lu e n e  can  be tra n s fo rm e d  t o  100% p - io d o -  
to lu e n e  by th e  u se  o f  p - t o l y l t r i m e t h y l s i l a n e  a s  t h e  s t a r t i n g  
m a te r ia l .  S i l y l a t i o n  a l s o  e x te n d s  th e  ran g e  o f  compounds w hich 
can  be io d in a te d  e l e c t r o p h i l i c a l l y ,  iH - tr im e th y B ily lb e n z o tr l f lu o r ld e  
p ro v id in g  an  exam ple o f  t h i s .
Viewed from  a  d i f f e r e n t  a n g le , a n o d ic  o x id a t io n  o f  io d in e  
p ro d u ce s  an  I*  s p e c ie s  c a p a b le  o f  r a p id ly  d i s p la c in g  t r i m e t h y l s i l y l  
g ro u p s  from  even  m o d e ra te ly  d e a c t iv a te d  a re n e s . The u n s u c c e s s fu l  
e x p e rim e n ts  v /ith  d i s i l y l a t e d  1 ,4 -d ic y an ab en zen e  and 1 , 4 - b i s ( t r i f l u o r o -  
m eth y l)b en zen e  have how ever in d ic a te d  th e  l i m i t a t i o n s  o f  t h i s  
r e a c t io n .  As m entioned  e a r l i e r ,  th e  io d in e  e l e c t r o p h i l e  p roduced  by 
a n o d ic  o x id a t io n  can  be  e x p e c te d  to  be f r e e  from  o th e r  e l e c t r o -
-270-
p k i l e s ,  u n l ik e  i n  e x i s t i n g  m e th o d o lo g ie s . In  th e  c o n te x t  o f  r a d io ­
io d in a t io n ,  p r i o r  e le c tro c h e m ic a l  o x id a t io n  o f  N al, fo llo w e d  by r a p id  
r e a c t i o n  w ith  a  m e ta l la te d  s u b s t r a t e ,  may be p r e f e r a b le  t o  a  slow  
r e a c t i o n  o f  S a l and s u b s t r a t e ,  in  th e  p re se n c e  o f  an In  s i t u  
o x id a n t .
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CHAPTER SIX
A p p lic a t io n  Of M eth o d o lo g ie s  To S e le c te d  M olecu les 
B io lo g ic a l  I n t e r e s t  and G en era l C o n c lu s io n s
The work d e s c r ib e d  i n  C h a p te rs  Two t o  F iv e  h a s  been  
c o n c ern ed  w ith  th e  i o d in a t i o n  o f  s im p le  model compounds. In  o rd e r  
t o  p a s s  judgem ent Dn th e  a p p l i c a b i l i t y  o f v a r io u s  m eth o d o lo g ie s  
t o  th e  l a b e l l i n g  o f b i o l o g i c a l l y  a c t i v e  compounds, i t  was deemed 
n e c e s s a ry  t o  c a r r y  o u t soma p r e p a r a t iv e  e x p e rim e n ts  u s in g  somewhat 
more a p p ro p r ia te  s u b s t r a t e s .
In  S e c tio n  2 .5 ,  i t  was co n c lu d ed  t h a t  m e ta l l a t io n  -  io d o d e - 
m e ta l l a t io n  p ro c e s s e s  in v o lv in g  th a l l iu m  and m ercu ry  a r e  re a s o n a b ly  
w e ll u n d e rs to o d . B oth m e ta ls  have been  employed In  r e g i o s p e c i f i c  
r a d i o l a b e l l i n g  p ro c e d u re s  and t h e i r  l i m i t a t i o n s ,  e .g .  th e  o x id a t io n  
o f  e l e c t r o n - r i c h  s u b s t r a t e s  by TTFA, i s  w e ll docum ented. L ik ew ise , 
th e  use  o f  Group IV o rg a n o m e ta l l ic  p r e c u r s o r s ,  e s p e c i a l l y  s ta n n y la te d  
d e r i v a t i v e s ,  i s  w ell e s t a b l i s h e d ,  a s  i s  e v id e n t  from  th e  re v ie w  in  
S e c t io n  5 .1 .  I t  was f e l t  t h a t  t h e r e  was l i t t l e  t h a t  c o u ld  be 
added  t o  e x i s t in g  know ledge on th e s e  p ro c e d u re s .
In  c o n t r a s t ,  t h e  R adner p ro c e s s  d e s c r ib e d  in  C h ap te r Three 
h a s  n o t been  used  i n  th e  io d in a t io n  o f  more com plex m o le c u le s . 
However, a s  n o te d  in  S e c t io n  3 .7 ,  i t  would a p p e a r  t h a t  th e  method 
i s  b e s t  s u i t e d  t o  l a r g e - s c a l e  p r e p a r a t iv e  work and  i t s  u se  in  
n . c . a .  r a d i o l a b e l l i n g  seem s u n l ik e ly .
I t  was th u s  d e c id e d  to  fo c u s  on th e  s y n th e t i c  u t i l i t y  o f 
e le c t r o c h e m ic a l ly  g e n e ra te d  p o s i t i v e  io d in e  s p e c ie s .  A lthough th e r e  
have been  s e v e r a l  r e p o r t s  on th e  e l e c t r o l y t i c  r a d io io d in a t io n  o f 
p e p t id e s  and  p r o te in s  (se e  S e c t io n  1 .4 .1  ( v l i> ,  p . 4 8 ), i t  would appear 
t h a t  th e  ty p e  o f work d e s c r ib e d  in  C h ap te r Four h a s  n o t  been
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6.1  In t r o d u c t io n
a p p lie d  t o  r a d io h a lo g e n a tio n . As a  r e s u l t ,  t h e  f i r s t  p a r t  o f  t h i s  
c h a p te r  i s  p r im a r i ly  c o n c e rn e d  w ith  th e  u se  o f  e le c tro c h e m ic a l  ly  
g e n e ra te d  p o s i t i v e  io d in e  i n  th e  io d in a t io n  o f  some m o le c u le s  o f  
i n t e r e s t  to  F is o n s  P h a rm a c e u tic a ls  L td .
6 .2  Io d in a t io n  o f  A rom atic AminD A cid D e r iv a t iv e s
6 .2 .1  I n t r o d u c t i  on
M ethodo log ies f o r  th e  io d in a t io n  o f  p e p t id e s  and p r o te in s  
a re  w ell e s ta b l i s h e d  (S e c t io n  1 .4 ) .  However, a l l  o f  th e  d i r e c t  r a d io ­
io d in a t io n  m ethods (S e c t io n  1 .4 .1 ,  p a r t s  ( i> - ( v i i> )  a r e  r e s t r i c t e d  t o  
th e  l a b e l l i n g  o f  t y r o s in e ,  o r  som etim es h i s t i d i n e ,  r e s id u e s .  In  some 
c irc u m s ta n c e s  t h i s  may n o t  be p a r t i c u l a r l y  d e s i r a b le ,  f o r  exam ple, 
when t y r o s in e  r e s id u e s  p la y  a  key  r o l e  a t  th e  a c t i v e  s i t e  o f 
th e  p r o te in ,  o r  under c o n d i t io n s  which a r e  co n d u c iv e  t o  i n  vivo 
d e io d in a t io n .  F u rth e rm o re , t h e r e  may be a p p l i c a t i o n s  f o r  w hich a  
l a b e l l e d  p e p tid e  c o n ta in in g  no e l e c t r o n - r i c h  t y r o s i n e  o r  h i s t i d i n e  
r e s id u e s  may be u s e fu l .
W ith th e s e  f a c t o r s  i n  mind, l a b e l l i n g  w ith  r a d io io d in e  a t  
l e s s  r e a c t i v e  p h e n y la la n in e  o r  try p to p h a n  r e s id u e s  may som etim es 
be ad v an tag eo u s. The r e s u l t s  o f  C h ap te r Four s u g g e s te d  t h a t  I*  
g e n e ra te d  in  a c e t o n i t r i l e  was s u f f i c i e n t l y  r e a c t i v e  t o  a c h ie v e  
t h i s .  The e th y l  e s t e r s  o f  B -a c e ty l-L -p h e n y la la n in e  and M -a c e ty l-L -  
try p to p h a n  were chosen  a s  model s u b s t r a t e s ,  th e  u l t im a te  aim  b e in g  
th e  io d in a t io n  o f a  h e x a p e p tid e  o f  i n t e r e s t  t o  F is o n s , t h e  p r e c i s e  
s t r u c t u r e  o f  which i s  c o n f i d e n t i a l .  The io d in a t in g  a g e n t u sed  in  
t h i s  work was p roduced  by a n o d ic  o x id a t io n  a s  d e s c r ib e d  i n  
S e c tio n  4 .2 .1 ,  u s in g  a tw o-com partm ent c e l l  a s  d e p ic te d  i n  F ig . 4 .1 .
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8 .2 .2  Io d in a t io n  o f  N -A c e ty l-L ~ F h e n y la la n in e  E th y l E s te r
CHXHCOoEt
NHCOCH
(38)
Io d in a t io n  o f t h i s  compound was a tte m p te d  u s in g  an  e x c e s s
o f  th e  io d in a t in g  a g e n t, th e  aim  b e in g  to  t r l - i o d i n a t e  t h e  phenyl 
r in g .  Io d in e  (Q .51g, 2 mmol) was c o m p le te ly  o x id is e d  a t  a  p la tin u m  
anode u s in g  0 .2  H l i th iu m  t e t r a f lu o r o b o r a t e  i n  a c e t o n i t r i l e  a s  th e  
s u p p o r t in g  e l e c t r o l y t e .  The p a le  y e llo w  io d in e  ( I )  s o lu t io n  (40m ls) 
vjas th e n  added s lo w ly  t o  a  s o lu t io n  o f  B -a c e ty l-L -p h e n y la la n in e  
e th y l  e s t e r  (38) ( 0 .15g, 0 .6 4  mmol) i n  a c e t o n i t r i l e  (lO m ls). The m ix tu re  
was s t i r r e d  o v e rn ig h t ,  th e n  po u red  I n to  w a te r  (70mls>. P ro d u c ts  were 
e x t r a c te d  i n to  c h lo ro fo rm  (4 x 2 5 m ls) . Combined e x t r a c t s  were washed 
w ith  aqueous sodium  m e ta b is u lp h ite  (2 x 30m ls>, th e n  w ith  b r in e ,  and 
f i n a l l y  w ith  w a te r. A f te r  d ry in g  o v e r anhyd rous magnesium s u lp h a te ,  
th e  s o lv e n t  was rem oved t o  le a v e  a  y e llo w  s o l i d .
Mass s p e c t r a l  a n a ly s i s  (EI+) showed th e  m o le c u la r  w e ig h t to
he 613, c o n s i s t e n t  w ith  t r i - i o d i n a t i o n .  A la r g e  peak  a t  m /z = 486 
s u g g e s te d  t h a t  d i - i o d in a t e d  m a te r ia l  was a l s o  p r e s e n t .  T h is  was
s u p p o rte d  by TLC i n v e s t ig a t io n s ;  a  3 : 2 m ix tu re  o f  to lu e n e  and 
d i e th y l  e th e r  s e p a ra te d  th e  p ro d u c t i n to  two com ponents h a v in g  Rr
v a lu e s  o f  0 .30  and 0 .2 6 , com pared t o  Rf = 0 .2 4  f o r  th e  s t a r t i n g  
m a t e r i a l .
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6 .2 .3  Io d in a t io n  o f  N -A c e ty l- L - T r y p t  ophan E th y l E s te r
,CH2CHC02Et 
N H C O C H j
The io d in a t io n  o f  N -a c e ty l-L - try p to p h a n  e th y l  e s t e r  (39)
was a tte m p te d  u s in g  a s l i g h t  e x c e s s  o f  th e  io d in a t in g  a g e n t. The 
re a g e n t  was p re p a re d  a t  th e  same c o n c e n t r a t io n  a s  above, and 6mls
o f  th e  s o lu t io n  (c o rre sp o n d in g  t o  0 .6  mmol I*> were added d ropw ise
t o  0 .137g <0.5 mmol) o f  (39) i n  a  few m is o f  a c e t o n i t r i l e .  When
th e  a d d i t io n  was h a l f  c o m p le te , th e  s o lu t i o n  became opaque, a lm o st
b la c k  i n  c o lo u r , b u t  t h i s  c o lo u r a t io n  d is a p p e a re d  on a d d i t io n  o f  
th e  com plete  6ml a l i q u o t .  The m ix tu re  th e n  to o k  on th e  ap p e ara n ce
o f  a  d i l u t e  io d in e  s o lu t i o n ,  b e in g  d u l l  o ran g e  i n  c o lo u r . I t  was
s t i r r e d  f o r  30 m in u tes , th e n  p o u red  in to  w a te r  (lO O m ls). E x t r a c t io n
was perfo rm ed  w ith  c h lo ro fo rm  <4 x 2 0 m ls ) .
Not u n e x p e c te d ly , i n  v iew  o f  th e  v i s u a l  e v id e n c e  o f  
r a d i c a l  c a t io n  in te r m e d ia te s ,  a  com plex m ix tu re  o f  p ro d u c ts  was
o b ta in e d . TLC a n a ly s i s  o f  th e  c ru d e  p ro d u c t, u s in g  2 : 2 : 1  to lu e n e  
-  e th y l  a c e t a te  -  n -b u ta n o l a s  th e  d e v e lo p in g  s o lv e n t ,  r e v e a le d  th e  
p re se n c e  o f  a t  l e a s t  f i v e  com ponents ( R f 's  : 0 .9 5 , 0 .8 4 , 0 .7 6 , 0 .66  
and 0 .6 2 ) . An ex p e rim en t w ith  th e  h e x a p e p tid e  m en tioned  i n  th e
in t r o d u c t io n  was a ls o  u n s u c c e s s fu l ,  p resum ab ly  b e c au se  i t  c o n ta in e d  
a try p to p h a n  r e s id u e .  C o n seq u en tly , work i n  t h i s  a r e a  was n o t
p u rsu e d  f u r t h e r .
0 .3  Io d in a t io n  o f Sodium C rom oglycate  A nalogues 
6 .3 ,1  I n tro d u c tio n
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(40)
S in ce  th e  l a t e  1 9 6 0 's , sodium  c ro m o g ly ca te  (40) h a s  been  
used  v e ry  e x te n s iv e ly  i n  th e  p r o p h y la c t ic  t r e a tm e n t  o f  asthm a. I t  
was deve loped  from  a  p l a n t  e x t r a c t ,  k h e l l in ,  w hich c o n ta in s  j u s t  
one chromone u n i t ,  fu se d  t o  a  f u ra n  r in g .  Of th e  many a n a lo g u e s  
o f  k h e l l i n  which were i n v e s t ig a t e d ,  th e  b ischrom one (40) was found 
t o  have o u ts ta n d in g  p r o t e c t i v e  a c t i v i t y  a g a in s t  asthm a when in h a le d  
b e fo re  a n t ig e n  c h a l l e n g e .1' 2 The developm ent and  e v a lu a t io n  o f  
sodium  c rom og lyca te  was rev iew ed  in  c o n s id e r a b le  d e t a i l  by Cox e t  
a l . 3 in  1970.
A lthough d ev e lo p ed  p r i n c i p a l l y  f o r  th e  t re a tm e n t  o f  asthm a, 
sodium  crom og lyca te  h a s  a l s o  been  found  t o  be e f f e c t i v e  f o r  th e  
r e l i e f  o f  v a r io u s  o th e r  a l l e r g i c  d i s o r d e r s .  F or e x a n p le , a d m in is te re d  
a s  a  n a s a l  s u f f l a t i o n ,  i t  i s  u sed  i n  th e  p r o p h y la c t ic  t r e a tm e n t  
o f  a l l e r g i c  r h i n i t i s ,  w h ile  s o lu t i o n s  o f  th e  d ru g  a r e  a v a i l a b l e  a s  
e y e -d ro p s  f o r  th e  r e l i e f  o f  a l l e r g i c  eye i r r i t a t i o n s .  In  a d d i t io n ,  
th e  compound h a s  been a d m in is te re d  o r a l l y  f o r  th e  t r e a tm e n t  o f 
u l c e r a t i v e  c o l i t i s ,  v a r io u s  fo o d  a l l e r g i e s ,  e tc .
sodium  cro m o g ly ca te  rem a in s  u n c le a r  and i s  th e  s u b je c t  o f  much
ongoing re s e a rc h . In  th e  e lu c i d a t i o n  o f  d ru g  m etabo lism , a  g r e a t
d e a l  o f  in fo rm a tio n  can  o f te n  be o b ta in e d  by u s in g  r a d i o l a b e l l e d
form s o f  th e  m o lecu le . L a b e l l in g  o f a  compound t o  h ig h  s p e c i f i c
a c t i v i t y  w ith  t r i t i u m  e n a b le s  i t s  f a t e  i n  v e ry  com plex b io lo g ic a l
sy s tem s to  be m on ito red . T h is  ty p e  o f  ap p ro ach  h a s  been u sed  w ith  
sodium  c ro m o g ly ca te , b u t  i t s  t r i t i a t i o n  h a s  n o t p ro v ed  t r i v i a l . 4 ' 5
T h is  s e c t io n  d e s c r ib e s  th e  a tte m p te d  io d in a t io n  o f  some
chrom ones u s in g  e le c tr o c h e m ic a l ly  g e n e ra te d  io d in e  ( I ) , The aim  o f  
th e  work was t o  p re p a re  p o ly io d in a te d  d e r i v a t i v e s  w hich c o u ld
p o s s ib ly  be used  a s  p r e c u r s o r s  i n  c a t a l y t i c  t r i t i o d e i o d i n a t i o n
p ro c e d u re s  w ith  t r i t i u m  g a s .
As in  th e  work w ith  th e  amino a c id  d e r i v a t i v e s  d e s c r ib e d  
above, I*  was g e n e ra te d  in  a c e t o n i t r i l e  u s in g  th e  a p p a ra tu s  shown
in  F ig . 4 .1 . However, f o r  th e  work w ith  chrom ones, l i th iu m  t r i f  l a t e
was used  a s  th e  e l e c t r o l y t e  in s t e a d  o f  l i t h iu m  t r i f l u o r o a c e t a t e ,  
i n  v iew  o f  th e  somewhat enhanced  r e a c t i v i t y  o b se rv e d  w ith  t h i s
c o u n te r io n .
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D e s p ite  i t s  w id e sp re a d  use , th e  p re c is e  mode o f  a c t io n  o f
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6 .3 .2  Io d in a t io n  o f  V a r io u s  Chromones
EtQ2C X T  C02Et NaOzC 0  X)7 CO,Na
A A A A
(41) -  FPL 60521 XX (42) -  FPL 60571 KP
(43) -  FPL 61191 KP <44) -  FPL 51087
( i )  A ttem pted  I o d in a t io n  o f  FPL 60521 XX, FPL 60571 KP, FPL 61191 KP
and FPL 51587.
Io d in e  (0 .253g , 1 mmol) was p la c e d  i n  th e  anode com partm ent 
o f  an  e le c tro c h e m ic a l  c e l l  and  d i s s o lv e d  in  ca. 40m ls o f  a  0 .2  H
s o lu t i o n  o f  l i th iu m  t r i f l a t e  i n  a c e t o n i t r i l e .  An a d d i t io n a l  lQmls
o f  e l e c t r o l y t e  was s u f f i c i e n t  t o  f i l l  th e  c a th o d e  cham ber. On 
a p p l i c a t io n  o f 30 V, an  i n i t i a l  c u r r e n t  o f  0.83A was o b se rv ed . T h is
d e c re a s e d  s t e a d i l y  a s  th e  Io d in e  was o x id is e d . Com plete o x id a t io n  
vrauld have r e s u l t e d  i n  a  0 .0 5  If s o lu t i o n  o f  I* , b u t th e  s o lu t io n  
rem ained  p a le  o ran g e , s u g g e s t in g  t h a t  t h i s  m s  n o t f u l l y  a c h ie v e d . 
N e v e r th e le s s , th e  s o lu t io n  o f  th e  r e a g e n t  was f ro z e n  in  d ry  ic e  
and a l i q u o t s  were used  s u b s e q u e n tly  i n  io d in a t io n  e x p e rim e n ts .
P o r t io n s  o f  FPL 60521 XX, FPL 60571 KP, FPL 61191 KP and FPL
51587 (lOng o f  each ) were p la c e d  i n  sm a ll f l a s k s ,  a lo n g  w ith  sm all
m agnetic  s t i r r e r  b a r s .  A l iq u o ts  o f  5m ls o f  th e  a fo re m e n tio n e d  X* 
s o lu t io n  were th e n  added to  each  f l a s k .  D ic y c la h e x y l-1 8 -c rawn-6 was 
added t o  FPL 60571 KP, FPL 61191 KP and FPL 51587 i n  an  a t t e s t  to  
s o l u b i l i s e  th e s e  sodium  s a l t s .  T h is  was s u c c e s s f u l  f o r  th e  fo rm er 
two, b u t f a i l e d  i n  th e  c a s e  o f  FPL 51587.
The r e a c t io n s  were m o n ito red  by r e g u la r  TLC a n a ly s i s .  Only
in  th e  c a se  o f  FPL 60521 XX were any s i g n i f i c a n t  changes o b se rv ed  
w ith in  a  few h o u rs . A pply ing  a sam ple o f  th e  m ix tu re  t o  a  TLC 
p l a t e  and e lu t in g  w ith  1 : 1 to lu e n e  -  d i e th y l  e th e r ,  r e v e a le d  th e  
p re se n c e  o f  a  new component h av in g  an  Itr v a lu e  o f  0 .6 8 , compared 
t o  0 .6 3  f o r  th e  s t a r t i n g  m a te r i a l .
A second  s e r i e s  o f  e x p e rim e n ts  was th e n  c a r r i e d  o u t,  a g a in  
u s in g  10mg p o r t io n s  o f  t h e  fo u r  s u b s t r a t e s ,  b u t  w ith  a  t e n f o ld  
e x c e s s  o f  I*  i n  each  c a s e .  As b e fo r e ,  FPL 60521 XI r e a c te d  q u i te  
r a p id ly ,  g e n e ra t in g  th e  a fo re m e n tio n e d  p ro d u c t w ith  a  somewhat
l a r g e r  Rr v a lu e  th a n  th e  s t a r t i n g  s u b s t r a t e .  C lo se  in s p e c t io n  o f 
th e  TLC p l a t e  showed th e  p re s e n c e  o f  a d d i t io n a l  com ponents w ith  
even h ig h e r  Rf v a lu e s  ( v id e  infra).
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The r e a c t io n s  o f  th e  sodium  s a l t s ,  FPL 60571 KP, FPL 61191 KP 
and FPL 51587, were fo llo w e d  by TLC u s in g  1 0 :7 :6  e th a n o l  -  propam -2-
o l  -  w a te r a s  th e  d e v e lo p in g  s o lv e n t .  In  th e  c a s e  o f FPL 60571 KP,
new com ponents hav in g  St v a lu e s  o f  0 .7 7  and 0 .6 3  were e v id e n t ,  th e
s t a r t i n g  m a te r ia l  h a v in g  a  v a lu e  o f  0 .7 1 . Some d e g re e  o f  r e a c t io n  
was a l s o  a p p a re n t from  th e  a n a ly s i s  o f  th e  FPL 61191 KP m ix tu re ,
a lth o u g h  th e  s i t u a t i o n  was much l e s s  c l e a r - c u t .  A ttem p ts  tD io d in a te
FPL 51587 were a p p a re n t ly  f u t i l e ,  p o s s ib ly  b e cau se  o f  i t s  low 
r e a c t i v i t y  to w ard s  e l e c t r o p h i l e s ,  b u t  more p ro b a b ly  becau se  o f  i t s
i n s o l u b i l i t y  i n  a c e t o n i t r i l e .  The a d d i t io n  o f  s e v e r a l  e q u iv a le n ts  o f 
d icy c lo h ex y I-1 8 -c ro w n -6  had  no s o l u b i l i s i n g  e f f e c t  on th e  compound,
nor d id  th e  a d d i t io n  o f  v a r io u s  am ounts o f  DBF a s  a  c o - s o lv e n t .
The r e a c t io n  w ith  FPL 60521 XX was te rm in a te d  a f t e r  around 
2£ h o u rs  by p o u rin g  th e  m ix tu re  i n to  w a te r  <20m ls). E x t r a c t io n  was
c a r r i e d  o u t u s in g  c h lo ro fo rm  <3 x 5mls> and  th e  com bined e x t r a c t s  
were washed w ith  aqueous sodium  m e ta b is u lp h ite  s o lu t i o n  <2 x lO m ls),
th e n  w ith  w a te r <2 x lO m ls). The c ru d e  p ro d u c t, ca. lOmg, was th e n
d is s o lv e d  in  a  l i t t l e  d ic h lo ro m e th a n e  and a p p l ie d  t o  two 20 x 20cm
x 250pm a n a ly t i c a l  TLC p l a t e s .  E lu t io n  was c a r r i e d  o u t u s in g  3 : 2
to lu e n e  -  d ie th y l  e th e r ,  r e s u l t i n g  in  s e p a r a t io n  i n to  two p r in c ip a l  
bands a t  Rf v a lu e s  o f  a ro u n d  0 .5  and 0 .7 . S i l i c a  was sc ra p e d  
from  th e  p l a t e s  i n  1cm w ide ban d s a ro u n d  th e s e  R* * s  and th e  
p ro d u c ts  were removed by r e p e a te d  w ashing  v /ith  e th a n o l  -  c h lo ro fo rm
m ix tu re s . ( In  an  e a r l i e r  e x p e rim e n t, m ethano l was u sed  f o r  t h i s
p u rp o se , b u t i t  was fo u n d  t h a t  t r a n s - e s t e r i f l c a t i o n ,  le a d in g  t o  th e  
m ixed m ethyl e th y l  e s t e r  o c c u r re d  r e a d i l y ) .
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The two i s o l a t e d  p ro d u c ts  were s u b je c te d  t o  m ass s p e c t r a l  
a n a ly s i s  <EI*>, which showed them  t o  be mono- and d i - i o d in a t e d  
d e r i v a t i v e s  o f  FPL 60521 XX r e s p e c t i v e ly  (m/z = 560 and  686). I t  was 
assum ed t h a t  io d in a t io n  had  o c c u rre d  e x c lu s iv e ly  on th e  phenyl 
s u b s t i tu e n t  and t h a t  th e  two p ro d u c ts  c o rre sp o n d e d  t o  t h e  para- 
and ortho /  para-lodopheny 1 d e r i v a t i v e s ,  (45) and (4 6 ). However, NMR 
r e s u l t s  su g g e s te d  o th e rw is e  :
Lower Band :
NMR (CDCls) : 8 = 9 .1 0  (d , f i n e l y  s p l i t ,  1H>, 7 .9 0 /7 .8 8  (d,
2H>, 7 .3 7 /7 .3 5  (d, 2H ), 7 .1 5 /7 .1 3  <d, 2H ), 4 .4 5  -  4 .3 7  (q, 4H>, 1 .37  -  1 ,3 4  
( t ,  6H>. A d d itio n a l m inor s ig n a l s  w ere se en  i n  th e  a ro m a tic  r e g io n  
(£ = 8 .3  -  7 .3 )  and a t  8 ~ 2 .6 3  and  2 .1 8 .
Upper Band :
I n s u f f i c i e n t  m a te r ia l  was a v a i l a b l e  f o r  a  q u a l i t y  'E  NMR 
sp ec tru m  t o  be o b ta in e d . The re c o rd e d  sp e c tru m  c o n ta in e d  th e  same 
g ro u p s  o f  s ig n a l s  a s  above, p lu s  s e v e r a l  o th e r  u n i d e n t i f i e d  p eak s.
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0  0  0  0
(45) (46)
The sp e c tru m  o f  th e  m o n o -ia d in a te d  p ro d u c t (low er hand) 
f e a tu r e d  a  p a i r  o f  d o u b le ts  a t  S = 7 .9 0  /  7 .8 8  and  7 .3 7  /  7 .3 5  ppm, 
c h a r a c t e r i s t i c  o f  a  p a r a - s u b s t i t u t e d  pheny l s u b s t i t u e n t ,  and i s  th u s  
c o n s i s t e n t  w ith  s t r u c t u r e  (4 5 ). However, th e  sp e c tru m  o f  th e  d i -  
io d in a te d  m a te r ia l  (m/z = 686) a l s o  c o n ta in e d  th e s e  s ig n a l s ,  s u g g e s tin g  
t h a t  th e  second  io d in a t io n  to o k  p la c e  on th e  chromone r in g ,  r a t h e r  
th a n  a t  th e  ortho- or meta- p o s i t i o n s  o f  th e  pheny l r in g .  F u r th e r  
e v id e n c e  f o r  t h i s  i s  g iv e n  i n  p a r t  <ii> below , w hich d e s c r ib e s  th e  
p o ly io d in a t io n  o f  FPL 60521 XX.
The r e a c t i o n s  w ith  th e  sodium  s a l t s ,  FPL 60571 KF and FPL 
61191 KP, were te rm in a te d  a f t e r  somewhat lo n g e r  tim e  p e r io d s , in  
e x c e s s  o f  24 h o u rs . The r e a c t io n  m ix tu re s  were poured  i n to  50ml 
p o r t io n s  o f  10% <v/v) aqueous h y d ro c h lo r ic  a c id  and p ro d u c ts  were 
e x t r a c te d  in to  1 : 1 c h lo ro fo rm  -  p ro p a n -2 -o I . The i s o l a t e d  m a te r i a ls
were exam ined by TLC, u s in g  12 : 3 : 5 n -b u ta n o l -  a c e t i c  a c id  -  w a te r
a s  th e  d e v e lo p in g  s o lv e n t .  In  b o th  c a s e s , son® d e g re e  o f r e a c t io n  
was e v id e n t ,  a lth o u g h  r e s o l u t i o n  on th e  p l a t e s  was n o t p a r t i c u l a r l y  
good. S u b se q u e n tly , p r e p a r a t iv e  TLC was a tte m p te d  u s in g  20cm x 20cm x 
200pm Whatman KC 18F r e v e r s e d -p h a s e  p l a t e s .  The d e v e lo p in g  s o lv e n t  
c o n s is te d  o f  a  60 : 40 m ix tu re  o f  m ethanol and 0.1M aqueous
ammonium a c e t a te  s o lu t io n .  T h is  r e s o lv e d  th e  p ro d u c t from  FPL 60571 
KP in to  two bands h a v in g  R* v a lu e s  o f  0 .5 3  and 0 .3 8 , compared to  
> 0 .9  f o r  th e  s t a r t i n g  m a te r i a l .  I t  does n o t  seem  u n re a so n a b le  t o  
a s s ig n  th e s e  t o  mono- and  d i - i o d in a t e d  p ro d u c ts ,  a lth o u g h  t h e i r  
i s o l a t i o n  was n o t a c h ie v e d . When th e  bands were s c ra p e d  from  th e
p l a t e s  and washed w ith  m ethano l, a  g u m -lik e  m a te r ia l  was a p p a re n tly
-2 8 6 -
s t r i p p e d  from  th e  s i l i c a  from  w hich th e  p ro d u c ts  c o u ld  n o t be 
s e p a ra te d .  Because o f  th e s e  d i f f i c u l t i e s  i t  was d e c id e d  t o  fo c u s  
a t t e n t i o n  on th e  d i e th y l  e s t e r ,  FPL 60521 XX.
( i i )  I o d in a t io n  o f  FPL 60521 XX ( la r g e  e x c e s s  o f  I* )
In  t h i s  e x p e rim e n t, a  l a r g e  e x c e s s  o f  e le c tro c h e m ic a l  ly  
p roduced  io d in e  ( I )  was u sed , th e  a im  b e in g  t o  t r i - i o d i n a t e  th e
s u b s t r a t e .  Io d in e  (0 .5 1 g , 2mmDl) was p la c e d  in  th e  anode CQugjartment 
o f  th e  c e l l ,  d i s s o lv e d  i n  c a . 40m ls o f  a  0.2M l i t h iu m  t r i f  l a t e  
s o lu t io n  i n  a c e t o n i t r i l e .  A p p l ic a t io n  Df 30v r e s u l t e d  i n  a  c u r r e n t  
o f  a ro u n d  Q.8A. When th e  o x id a t io n  was com ple te , th e  a n o ly te  was 
p ip e t t e d  from  th e  c e l l  and  added t o  a  f l a s k  c o n ta in in g  FPL 60521
XX (19mg, O.Q44mH). Assuming e s s e n t i a l l y  com ple te  o x id a t io n  o f  th e  
io d in e ,  th e s e  q u a n t i t i e s  r e p r e s e n t  a  m olar e x c e s s  o f  th e  io d in a t in g
a g e n t o f  th e  o r d e r  o f  50. The m ix tu re  was s t i r r e d  f o r  72 h o u rs ,
th e n  p o u red  i n to  w a te r  (50m ls>. E x t r a c t io n  was c a r r i e d  o u t u s in g  
c h lo ro fo rm  (5 x lO m ls) and th e  e x t r a c t s  were com bined. The o rg a n ic  
p hase  was washed s e q u e n t i a l ly  w ith  w a te r , sodium  m e ta b is u lp h ite  
s o lu t io n ,  sodium  b ic a r b o n a te  s o lu t i o n  and a g a in  w ith  w a te r, b e fo re  
b e in g  l e f t  to  d ry  o v e r  anhyd rous magnesium s u lp h a te .
S ubsequen t f i l t e r i n g  o f  th e  d e s s ic a n t  and e v a p o ra tio n  o f  
th e  s o lv e n t  a f f o r d e d  a  y e llo w  s o l i d ,  w hich was s u b je c te d  to  TLC 
a n a ly s i s  u s in g  3 : 2 to lu e n e  -  d i e t h y l  e th e r  a s  th e  s o lv e n t .  The 
p ro d u c t was s e p a r a te d  i n t o  t h r e e  com ponents h a v in g  R* v a lu e s  o f 
0 .5 1 , 0 .6 9  and 0 .8 4 , com pared to  0 .4 9  f o r  th e  s t a r t i n g  m a te r ia l .  
These were t e n t a t i v e l y  a s s ig n e d  a s  th e  mono-, d i -  and  t r i - i o d i n a t e d
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d e r iv a t iv e s  r e s p e c t iv e ly .  P r e p a r a t iv e  TLC was pe rfo rm ed  by a p p ly in g  
th e  r e d is s o lv e d  p ro d u c t t o  two 20cm x 20cm x 250pm s i l i c a  a n a ly t i c a l
TLC p l a t e s  and e lu t in g  w ith  3 : 2 to lu e n e  -  d i e th y l  e th e r .  As i n
p a r t  ( i ) , bands o f s i l i c a  were s c ra p e d  from  th e  p l a t e s  a t  th e
a p p ro p r ia te  Hr v a lu e s ,  and  th e  p ro d u c ts  were o b ta in e d  by w ashing 
th e  s i l i c a  w ith  e th a n o l  ~ c h lo ro fo rm  m ix tu re s . S in c e  th e  aim  o f  th e
ex p erim en t was t o  t r i - i o d i n a t e  th e  s u b s t r a t e ,  o n ly  th e  upperm ost 
two bands were c o l l e c t e d ,  i e .  th o s e  th o u g h t t o  c o rre sp o n d  to  d i -  
and t r i - i o d i n a t e d  m a te r i a l .  These a ss ig n m e n ts  were s u p p o rte d  by m ass
s p e c t r a l  r e s u l t s  w hich in d ic a te d  th e  m asses t o  be 686 and 812
r e s p e c t iv e ly .  The FAB sp e c tru m  o f  th e  upper band m a te r ia l  f e a tu r e d  
an  a d d i t io n a l  peak  a t  m/z = 939 (H + H *). T h is  mass o f  938 c l e a r l y
in d ic a te s  th e  p re se n c e  o f  some t e t r a - i o d i n a t e d  m a te r ia l .
NMR D ata : -  t
Lower band :
’ H NKR <CDC13 > : 8 - 9 .1 3  ( s ,  1H*>, 7 .8 9 /7 .8 6  (d, 2H ), 7 .3 6 /7 .3 4
<d, 2H>, 7 .1 4  <s, 1H>, 4 .4 4  -  4 .3 7  (q , p o o r ly  d e f in e d , 4H>, 1 .3 7  - 1 .3 5
( t ,  p o o r ly  d e f in e d , 6H ).
($ -  in c lu d e s  a d d i t io n a l  sm a ll s i g n a l s  a t  8 - 9 .1 6  and  9 .1 4  ppm.) 
Upper band :
’ H NSR (CDCls) : 8 = 9 .1 7  ( s ,  1H), 7 .9 0 /7 .8 8  <d, 2H), 7 .3 2 /7 .3 0
<d, 2H>, 4 .4 4  -  4 .3 8  <qf 4H ), 1 .3 7  -  1 .3 3  ( t ,  6H ).
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d o u b le ts  i n  th e  a ro m a tic  re g io n  i s  common to  a l l  th e  s p e c t r a .  The
im p l ic a t io n  i s  t h a t  o n ly  th e  para- p o s i t i o n  o f  th e  pheny l r in g  i s
io d in a te d ;  ortho- i o d in a t io n  i s  n o t o b se rv e d , p resum ab ly  because  o f  
th e  l a r g e  s t e r i c  re q u ire m e n t o f th e  chromone m oie ty , In s te a d , th e  
second  and t h i r d  io d in e  atom s a p p e a r  to  be in c o r p o r a te d  a t  th e  
chromone py ran  r in g s .  E v idence  f o r  t h i s  comes from  th e  f a c t  t h a t  
th e  d o u b le t a t  £ = 7 .1 5  /  7 .1 3  ppm In  th e  sp ec tru m  o f  th e  mono- 
io d in a te d  p ro d u c t (see  p a r t  <i>) i s  h a lv e d  in  i n t e n s i t y  in  th e  
sp e c tru m  o f  th e  d i - i o d o -  d e r i v a t i v e ,  and i s  c o m p le te ly  a b s e n t from  
t h a t  o f  th e  t r i - i a d o -  d e r iv a t iv e .  F u rth e rm o re , th e  in h e r e n t  asymmetry 
o f  th e  d i - i o d in a t e d  p ro d u c t a c c o u n ts  f o r  th e  o b se rv e d  c o m p lic a tio n  
o f  th e  e th y l  g roup  s ig n a l s ,  w hich do n o t a p p e a r  a s  a  c l e a r l y
re s o lv e d  q u a r t e t  /  t r i p l e t  p a t t e r n .  Symmetry i s  r e s t o r e d  hy t r i -  
io d in a t io n ,  hence th e  en v iro n m en ts  o f  th e  two e th y l  g ro u p s became 
i d e n t i c a l  once more and  a  s im p le  p a t t e r n  i s  o b se rv ed . The p ro p o sed  
s t r u c t u r e s  f o r  th e  two p ro d u c ts  a r e  th u s  (47) and (48>, below :
In s p e c t io n  o f  th e  above d a ta  in d ic a te s  t h a t  a p a i r  o f
Tlie i n d ic a t i o n  o f  t e t r a - i o d i n a t i a n  p ro v id e d  by th e  mass 
s p e c t r a l  r e s u l t s  s u g g e s ts  t h a t  u n d e r  f o r c in g  c o n d i t io n s ,  a  second  
io d in e  s u b s t i t u t i o n  can  o c c u r an  th e  pheny l r in g .  S in c e  ortho- 
io d in a t io n  i s  a p p a re n t ly  r u le d  o u t  on s t e r i c  g ro u n d s, a  s n a i l  
amount o f  m e ta - s u b s t i tu t io n ,  le a d in g  t o  th e  3 , 4 -d i- io d o p h e n y l-  
d e r iv a t lv e ,  seems th e  m ost l i k e l y  e x p la n a t io n  f o r  th e  peak a t  
m/z = 939.
6 .3 .3  I o d in a t io n  o f  C rom oglycate  D ie th y l E s te r
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(49)
F o llow ing  th e  work w ith  th e  chromone d e r i v a t i v e s  d e s c r ib e d  
above, a t t e n t i o n  was tu rn e d  t o  t h e  io d in a t io n  o f  c ro m o g ly ca te  
i t s e l f .  E xperim en ts  were c a r r i e d  o u t  u s in g  th e  d i e th y l  e s t e r  (49) 
r a t h e r  th a n  sodium  c ro m o g ly ca te  (4 0 ) , f o r  r e a s o n s  o f  s o l u b i l i t y  and 
e a se  o f  e x t r a c t io n .  Io d in e  (0 .5 1 g , 2 mmol) was c o m p le te ly  o x id is e d  in  
th e  anode com partm ent o f  an  e le c tro c h e m ic a l  c e l l ,  c o n ta in in g  40m ls 
o f  a 0.2M s o lu t io n  o f  l i t h iu m  t r i f l a t e  i n  d ry  a c e t o n i t r i l e .  D uring
th e  c o u rse  of th e  e l e c t r o l y s i s ,  ca . 1 ml o f  g l a c i a l  a c e t i c  a c id
was added to  th e  c a th o d e  cham ber t o  f a c i l i t a t e  hydrogen  p ro d u c tio n
a s  a c a th o d e  r e a c t io n .  When th e  a n o ly te  was a lm o s t c o lo u r le s s ,  i t  
was removed and added  t o  c ro m o g ly ca te  d i e th y l  e s t e r  (4 9 ), <0.131g,
0 .25  mmol). The r e s u l t i n g  m ix tu re  was s t i r r e d  o v e rn ig h t ,  th e n  pou red  
i n to  ca. 50mls o f  aqueous sodium  b ic a rb o n a te  s o lu t i o n .  E x t r a c t io n  
was c a r r i e d  o u t u sing , c h lo ro fo rm  <3 x 25 m ls> . Combined e x t r a c t s  were 
washed o f  io d in e  w ith  sodium  m e ta b is u lp h i te  s o lu t io n ,  th e n  washed 
w ith  w a te r. The y e llo w  c h lo ro fo rm  la y e r  became c lo u d y  and b r in e  
was found to  be n e c e s s a ry  t o  a c h ie v e  a good s e p a r a t io n .  A f te r
w ashing w ith  b r in e  (2 x 30 m is ) , t h e  c h lo ro fo rm  s o lu t i o n  was d r ie d  
over magnesium s u lp h a te .  The d e s ic c a n t  was s u b s e q u e n tly  f i l t e r e d  o f f  
and th e  s o lv e n t  was rem oved by r o t a r y  e v a p o ra tio n . TLC a n a ly s i s  on
s i l i c a ,  u s in g  3 : 2 to lu e n e  -  d i e th y l  e th e r ,  was i n d i c a t i v e  o f th r e e  
p ro d u c ts , hav ing  33* v a lu e s  0 .6 6 , 0 .5 2  and 0 .3 5  ( c f \  0 .0 3  f o r  th e  
s t a r t i n g  m a te r i a l ) .  The r e a c t i o n  p ro d u c ts  were th e n  s e p a r a te d  by 
p r e p a r a t iv e  TLC on two 20 x 20 cm x 2 mm s i l i c a  PLC p l a t e s  (M erck). 
The two upper bands (R* = 0 .6 5  and  Rf -  0 .5 )  were c o l l e c t e d .  P ro d u c ts  
were rem oved from  th e  s i l i c a  by r e p e a te d  w ashes w ith  1 :1  e th a n o l  
-  d ich lo ro m e th an e , w ith  th e  a s s i s t a n c e  o f  s o n ic a t io n .  P o o led  e x t r a c t s  
were f i l t e r e d  and r o t a r y  e v a p o ra te d  to  g iv e  y e llo w  pow ders, 75 mg 
from  th e  upper band and 52mg from  th e  c e n t r a l  band .
The two p ro d u c ts  were s u b je c te d  t o  m ass s p e c t r a l  a n a ly s i s  
(FAB), which in d ic a te d  t h e i r  r e s p e c t iv e  m asses t o  be 1070 and 944. 
These v a lu e s  a r e  42 m ass u n i t s  g r e a t e r  th a n  w ould be e x p e c te d  
f o r  t e t r a -  and t r i - i o d o -  c ro m o g ly ca te  d i e th y l  e s t e r .  In  th e  l i g h t
-2 9 1 -
of the  ¥MR r e s u l t s  p r e s e n te d  below , I t  i s  a p p a re n t t h a t  t h i s  
e x tr a  mass a r i s e s  from  O - a c e ty la t io n  o f  th e  seco n d a ry  a lc o h o l
f u n c t io n  on th e  a l i p h a t i c  b r id g in g  u n i t .  (CHsCO = 43 mass u n i t s ) .
TOR r e s u l t s  :
Upper band :
1H TO  (CDCls) : 6 = 8 .5 4  <s, 2H ), 7 .04  (s , 2H ), 5 .7 5  (m, 1H>, 
4 .58  -  4 .44 Cm), in c lu d in g  q a t  4 .4 7  (12H in  t o t a l ) ,  2 .2 6  (s , 3H> 
and 1 .44 ( t ,  6H ).
,3 C MR s h i f t s  : 6 = 175 .8 , 171 .0 , 159 .7 , 157 .7 , 156 .4 , 151 .8 ,
151 .1 , 119.7 , 1 15 .8 , 9 0 .0 , 8 0 .8 , 7 4 .0 , 7 2 .5 , 6 3 .1 , 2 1 .7  and 14 .0 .
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(50)
Evidence f o r  th e  O -a c e ty l  group comes from  th e  ’H s ig n a l  
a t  2 .2 6  ppm and th e  f a c t  t h a t  t h e r e  a r e  16 d i s c r e t e  13C s ig n a l s  
r a t h e r  th an  14.
When th e  io d in a t io n  o f  (49) was a tte m p te d  w ith o u t ad d in g
a c e t i c  a c id  to  th e  c a th o d e  com partm ent, an i n t r a c t a b l e ,  u n id e n t i f i e d
p ro d u c t was o b ta in e d . I t  i s  p o s s ib le  t h a t  r in g  o pen ing  o f  th e  
chromone o cc u rs  under b a s ic  c o n d i t io n s  and t h a t  th e  p re se n c e  o f
a c e t ic  a c id  f a c i l i t a t e s  th e  sm ooth io d in a t io n  o f  th e  s u b s tra te .
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6 .4  Io d in a t io n  D f D e s g ly c in e  and Remacemide
6 .4 .1  In tr o d u c tio n
Remacemide, o r FPL 12924 (5 2 ), i s  a  novel a n t ic o n v u ls a n t ,  
c u r r e n t ly  undergo ing  Phase I I  c l i n i c a l  t r i a l s .  I t  was d isc o v e re d  
d u r in g  th e  s c re e n in g  o f  a l a r g e  number o f  g ly c in a te  d e r iv a t iv e s .  
The r e s u l t s  o f t e s t s  on mice were p u b lis h e d  in  19 9 0 .6 These 
in d ic a te d  th e  compound t o  he a p o te n t ,  s a fe ,  n o n -s e d a t in g , o r a l l y  
a c t in g  a n t ic o n v u ls a n t ,  s p e c i f i c  f o r  th e  p re v e n tio n  o f  s e iz u r e s  
e l i c i t e d  by e le c t r i c - s h o c k .  The f in d in g s  were p r e d i c t i v e  o f  c l i n i c a l  
u t i l i t y  f o r  p a t i e n t s  w ith  g e n e r a l i s e d  t o n ic  /  c lo n ic  s e iz u r e s .
T h is  s e c t io n  d e s c r ib e s  some a t te m p ts  o f d i r e c t  io d in a t io n  
o f  rem acem ide (52) and i t s  a n a lo g u e , d e s g ly c in e  (5 1 ), u s in g  a n o d ic a l ly  
g e n e ra te d  I*. The pu rpose  o f  th e s e  e x p e rim e n ts  was t o  i n v e s t ig a t e  
th e  d i r e c t  s y n th e s i s  o f  t r i t i a t i o n  and m u l t i - t r i t i a t i o n  p re c u r s o r s .  
T r i t i a t e d  d e r iv a t iv e s  a re  d e s i r a b le  f o r  m ic ro a u to ra d io g ra p h y , t i s s u e  
l o c a l i s a t i o n  and d i s t r i b u t i o n  s tu d i e s ,  and f o r  r e c e p to r  b in d in g  
work. F u rthe rm ore , 12SI - l a b e l l e d  compounds may a ls o  be r e q u ir e d  f o r  
s p e c i f i c  radioim m unoassay and r e c e p to r  s tu d ie s .
D esg lycine  h y d ro c h lo r id e  was f i r s t  c o n v e r te d  t o  th e  f r e e  
base by d i s s o lv in g  a p o r t io n  in  aqueous sodium  h y d ro x id e  s o lu t io n
and e x t r a c t in g  w ith  d ie th y l  e th e r .  S ubsequen t e v a p o ra tio n  o f  th e
e th e r  a f fo rd e d  d e s g ly c in e  a s  a  c o lo u r l e s s ,  v is c o u s  l iq u i d .
( i )  U sing a T w o-fold E xcess o f Io d in e  ( I )
Io d in e  (0 .5 0 g , 1 .9 7  mmol) was c o m p le te ly  o x id is e d  in  an
e le c tro c h e m ic a l  c e l l ,  u s in g  0 .2  M l i t h iu m  t r i f l a t e  i n  a c e t o n i t r i l e  
a s  th e  s u p p o rtin g  e l e c t r o l y t e .  The a n o ly te ,  c o n ta in in g  a t h e o r e t i c a l  
maximum o f  3 .94  mmol o f p o s i t i v e  io d in e ,  was th e n  added slo w ly  to  
d e s g ly c in e  (51) <0.41g, 1 .94  mmol) i n  a  sm a ll f l a s k .
A f te r  s t i r r i n g  o v e rn ig h t ,  th e  r e a c t i o n  m ix tu re  was d i lu t e d
w ith  w a te r  (ca . 1 : 1 ) ,  and w ith  c o n tin u e d  s t i r r i n g ,  s o l i d  sodium  
m e ta b is u lp h ite  was added in  sm a ll p o r t io n s  u n t i l  th e  io d in e  c o lo u r  
was d isc h a rg e d . A few m is o f  aqueous sodium  h y d ro x id e  s o lu t io n  was 
added t o  e n su re  b a s ic  c o n d i t io n s ,  and  th e  m ix tu re  was e x t r a c te d  
w ith  c h lo ro fo rm  (3 x 3 0 m ls ) . Combined e x t r a c t s  were washed once w ith  
w a te r  (20m ls), th e n  e x t r a c te d  w ith  15% <v/v) aqueous h y d ro c h lo r ic  a c id  
(3 x 3 0 m ls) . Combined a c id  e x t r a c t s  were co o led  in  i c e ,  made b a s ic  
by th e  a d d i t io n  o f  sodium  h y d ro x id e  s o lu t io n ,  th e n  r e - e x t r a c t e d  
w ith  c h lo ro fo rm  (3 x 30 m is ) . The c h lo ro fo rm  s o lu t io n  was washed
w ith  w a te r and sodium  b ic a rb o n a te  s o lu t i o n ,  b e fo re  b e in g  d r ie d  o v e r
magnesium s u lp h a te .  F i l t e r i n g  o f f  th e  d e s ic c a n t ,  fo llo w e d  by r o ta r y  
e v a p o ra tio n  o f th e  s o lv e n t ,  a f fo rd e d  th e  p ro d u c t a s  a brown gum.
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6 . 4 . 2  E xpe rim en ts  w ith  D e s g ly c in e
Mass s p e c t r a l  a n a ly s i s  <FAB> o f  th e  c ru d e  p ro d u c t showed
peaks a t  m/z = 2 1 2  and  338, c o rre s p o n d in g  t o  th e  s t a r t i n g  m a te r ia l
and i t s  m ono-Iod ina ted  d e r iv a t iv e  r e s p e c t iv e ly .
< ii)  U sing an E ig h t - f o ld  E xcess o f  Io d in e  ( I )
The above p ro ce d u re  was re p e a te d  u s in g  th e  same q u a n t i ty
o f io d in e  ( I ) ,  b u t w ith  l e s s  d e s g ly c in e .  A s o lu t io n  c o n ta in in g  ca.
4 mmol o f "I*" was added t o  d e s g ly c in e  (106mg, 0 .5  mmol) and th e
m ix tu re  was s t i r r e d  o v e rn ig h t .
E x tra c tio n  was c a r r i e d  o u t i n  e s s e n t i a l l y  th e  same manner 
a s  d e s c r ib e d  i n  p a r t  ( i> , a lth o u g h  e th y l  a c e t a te  was used  in  
p re fe re n c e  to  c h lo ro fo rm  a s  th e  o rg a n ic  p h ase . As p re v io u s ly , th e
p ro d u c t was o b ta in e d  a s  a  brown gum.
TLC a n a ly s i s  was c a r r i e d  o u t u s in g  a 4 : 1  m ix tu re  o f  a  
5% s o lu t io n  o f  t r i e th y la m in e  in  c h lo ro fo rm  and e th y l  a c e ta te .  The
m ix tu re  was s e p a ra te d  i n to  two m ajo r com ponents h a v in g  Rr v a lu e s  
o f  0 .98  and 0 .6 3 . F a in te r  s p o ts  were se en  w ith  v a lu e s  o f a ro u n d  
0 .95  and 0 .66 .
The mass sp ec tru m  <FAB) c o n ta in e d  p eak s  a t  m/z = 212 and 
338 a s  in  p a r t  <i>, p lu s  f u r t h e r  p eak s  a t  m/z = 464 and 590,
c o rre sp o n d in g  t o  d i -  and t r i - i o d i n a t e d  d e s g ly c in e . Each peak  was 
accom panied by a l a r g e r  one, 17 m ass u n i t s  s m a l le r ,  i n d ic a t iv e  o f 
ammonia lo s s .
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t o  th e  f r e e  base . In  th e  c a s e  o f  rem acem ide, th e  f r e e  base  was
o b ta in e d  a s  a  w h ite  s o l id .
( i )  U sing a Tw o-fold  E xcess o f Io d in e  ( I )
A f u r t h e r  0 .5 g  o f io d in e  was o x id is e d  i n  a 0.2H  s o lu t i o n
o f l i th iu m  t r i f l a t e  In  a c e t o n i t r i l e ,  a s  d e s c r ib e d  i n  th e  c a se  o f
d e s g ly c in e . The io d in e  ( I )  s o lu t i o n  so  p roduced  (40m ls, 3 .9  mmol I*
m ax.) was th e n  added t o  rem acem ide (52) <0.50g, 1 .9  mmol), d is s o lv e d
in  lOmls o f  a c e t o n i t r i l e .
A f te r  ca. 2 h o u rs , th e  r e a c t i o n  m ix tu re  was s u b je c te d  to
TLC a n a ly s i s ,  u s in g  e th y l  a c e t a te  a s  th e  d e v e lo p in g  s o lv e n t .  R e s u l ts  
su g g e s te d  t h a t  th e  s t a r t i n g  m a te r ia l  CR* = 0 .0 4 )  had been c o m p le te ly  
c o n v e r te d  t o  two p ro d u c ts  h a v in g  R* v a lu e s  o f  0 .5 2  and 0 .9 3 . These
were i s o l a t e d  u s in g  th e  same te c h n iq u e  a s  d e s c r ib e d  in  th e  c a se
o f  d e s g ly c in e , i e .  c h lo ro fo rm  e x t r a c t io n ,  fo llo w e d  by e x t r a c t io n  i n to  
aqueous a c id ,  n e u t r a l i s a t i o n  w ith  base  and th e n  r e - e x t r a c t i o n  i n to  
ch lo ro fo rm . R o ta ry  e v a p o ra tio n  a f f o r d e d  o n ly  a  sm a ll amount o f  a
c o lo u r le s s  o i l .  In  view  o f t h i s ,  th e  i n i t i a l  c h lo ro fo rm  e x t r a c t  was
e x t r a c te d  f u r t h e r ,  u s in g  somewhat more c o n c e n tra te d  h y d ro c h lo r ic  a c id
and su b seq u en t work-up a f f o r d e d  a  f u r t h e r  p ro d u c t in  th e  fo rm  o f
a brovnn gum.
TLC a n a ly s e s  o f  th e  two p ro d u c ts  s u g g e s te d  t h a t  th e  f i r s t
e x t r a c t ,  th e  c o lo u r le s s  a i l ,  was l a r g e ly  composed o f  th e  s t a r t i n g
m a te r ia l .  F o llow ing  e th y l  a c e t a t e  e lu t io n ,  th e  l a r g e s t  s p o t  on th e
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6 . 4 . 3  E xp e rim e n ts  w ith  Remacemide
As w ith  d e s g ly c in e , th e  h y d ro c h lo r id e  was f i r s t  c o n v e rte d
TLC p l a t e  was se en  a t  Rf = 0 .0 8 , c o rre sp o n d in g  to  d e s g ly c in e . Only 
t r a c e s  o f m a te r ia l  were se e n  a t  h ig h e r  R r 's  o f  0 .58  and 0 .9 5 .
In  c o n t r a s t ,  th e  second  e x t r a c t  gave la r g e  s p o ts  a t  th e s e  Rr * s  
and on ly  a  t r a c e  o f m a te r ia l  a t  th e  low er v a lu e .
The c o lo u r le s s  o i l  o b ta in e d  from  th e  f i r s t  e x t r a c t i o n  was
s u b je c te d  to  mass s p e c t r a l  a n a ly s i s .  The FAB sp e c tru m  f e a tu r e d  th e  
ex p e c te d  peak  a t  m/z = 395, due t o  th e  m o n o -io d in a ted  p ro d u c t. In  
a d d i t io n ,  m inor peaks a t  m/z = 269 and 521 r e v e a le d  th e  p re se n c e  
o f b o th  th e  s t a r t i n g  s u b s t r a t e  and some d i~ lo d in a te d  m a te r ia l .
( i i )  U sing an E ig h t- f o ld  E x cess  o f  Io d in e  ( I )
The ex perim en t d e s c r ib e d  in  p a r t  ( i )  was r e p e a te d , b u t w ith
l e s s  rem acem ide <134mg, 0 .5  mmol). The r e a c t io n  m ix tu re  was a llo w ed
t o  s t i r  o v e rn ig h t. E x t r a c t io n  was c a r r i e d  o u t a s  i n  p a r t  ( a ) - ( i i ) ,
w ith  e th y l  a c e ta te .  The r e a c t i o n  p ro d u c ts  were o b ta in e d  in  th e  
form  o f a  l i g h t  brown gum.
Using a s o lv e n t  sy s tem  o f  4 : 1  5% E t3N in  c h lo ro fo rm  -
e th y l  a c e t a te ,  TLC ex a m in a tio n  o f  th e  p ro d u c t r e v e a le d  i t  t o  be
a m ulti-com ponent m ix tu re . W hereas th e  s t a r t i n g  s u b s t r a t e  had an R*
o f  0 .36  in  th e  medium, th e  l ig h t-b ro w n  p ro d u c t was s p l i t  i n t o  a t
l e a s t  fo u r  com ponents h av in g  Rf *s o f  0 .0 4 , 0 .1 4 , 0 .4 9  and 0 .6 5 . The
m a te r ia l  a t  R* = 0 .49  a p p e a re d  t o  be th e  m ost abundan t.
The FAB mass sp e c tru m  c o n ta in e d  none o f  th e  d e s i r e d  p eak s  
bu t in s te a d  in d ic a te d  th e  p re s e n c e  o f  d e s g ly c in e  (m/z = 2 1 2 ), form ed 
by th e  l o s s  o f th e  am in o a ce ty l s id e - c h a in  from  rem acem ide.
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In  t h i s  c o n c lu d in g  s e c t io n ,  th e  work d e s c r ib e d  in. S e c t io n s
6 .2  -  6 .4  w i l l  be b r i e f l y  d is c u s s e d . T h e r e a f te r ,  th e  d is c u s s io n  w i l l  
be w idened by c o n s id e r in g  th e  a p p l i c a b i l i t y  o f  v a r io u s  io d in a t io n  
m eth o d o lo g ies  to  r a d i o l a b e l l i n g  in  g e n e ra l .
The f i r s t  e x p e rim e n ts  t o  be c o n s id e re d  a r e  th o se  p e rfo rm ed  
on th e  amino a c id  d e r iv a t iv e s ,  f l- a c e ty l-L -p h e n y la la n in e  e th y l  e s t e r
(38) and N -a c e ty l-L - try p to p h a n  e th y l  e s t e r  (39 ). As m entioned  in  th e  
in t r o d u c to r y  s e c t io n  ( 6 .2 .1 ) ,  th e s e  e x p e rim e n ts  were c a r r i e d  o u t w ith  
a view to  io d in a t in g  a sm a ll p e p t id e  and a l s o  to  a s s e s s  th e  
u t i l i t y  o f  th e  I*  r e a g e n t  i n  th e  io d in a t io n  o f p e p tid e s  and 
p r o te in s  in  g e n e ra l .  From th e  o u t s e t ,  i t  was f e l t  t h a t  th e  I*
re a g e n t  would be to o  r e a c t i v e  ( ie .  toQ o x id is in g )  f o r  a p p l i c a t io n  
in  t h i s  a re a .  T h is  view  was bo rne  o u t by e x p e rim en t; a lth o u g h  th e  
r e l a t i v e l y  ro b u s t  p h e n y la la n in e  d e r iv a t iv e  (38) was r e a d i ly  io d in a te d  
w ith o u t any p rob lem s, th e  more s e n s i t i v e  t ry p to p h a n  d e r iv a t iv e  (39)
was decomposed by th e  reag en b . The t a r g e t  p e p tid e ,  which c o n ta in e d  
a try p to p h a n  r e s id u e ,  v/as a l s o  u n s ta b le  under th e  c o n d it io n s  used . 
I t  was th e r e f o r e  conc luded  t h a t  o n ly  th o s e  p e p t id e s  d ev o id  o f  any 
s e n s i t i v e  amino a c id s  c o u ld  be io d in a te d  in  t h i s  way.
The ex perim en t w ith  th e  p h e n y la la n in e  d e r iv a t iv e  (38) showed 
t h a t  th e  phenyl r in g  c o u ld  be d i -  o r  t r i - i o d i n a t e d  w ith  a n o d ic a l ly  
g e n e ra te d  I* , a s  was e x p e c te d  i n  th e  l i g h t  o f  th e  f in d in g s  o f 
C h ap te r Four. O bv iously , d i r e c t  i o d in a t io n  o f  p h e n y la la n in e  r e s id u e s  
c o u ld  n o t be a c h ie v e d  in  th e  p re se n c e  o f more r e a c t iv e  a ro m a tic  
u n i t s ,  e.g. t y r o s in e s .  An i n t e r e s t i n g  ex p e rim en t in  t h i s  c o n te x t
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6 .5  G enera l C o n c lu s io n s
m ight be to  compare th e  r e a c t i v i t y  o f ty r o s in e  w ith  t h a t  o f  a 
g e rm y la te d  o r s ta n n y la te d  p h e n y la la n in e  u n i t ,  a lth o u g h  th e  s y n th e t ic  
s t e p s  r e q u ir e d  to  p roduce su ch  d e r i v a t i v e s  may be to o  tro u b le so m e
t o  make su ch  an ex p erim en t w orthw h ile .
G e n e ra lly  sp e ak in g , io d in e  ( I )  p roduced  by an o d ic  o x id a t io n  
in  a c e t o n i t r i l e  would seem to  be to o  r e a c t i v e  f o r  use in  p e p tid e  
and p r o te in  l a b e l l i n g .  In s te a d , th e  m ethod would seem to  be more 
a p p l ic a b le  to  th e  i o d in a t io n  o f s m a l le r ,  l e s s  e l e c t r o n - r i c h ,  a ro m a tic
s u b s t r a t e s .  Chromones, a s  d e s c r ib e d  i n  S e c tio n  6 .3 ,  f i t  t h i s  c a te g o ry  
and in d eed , some o f th e s e  w ere io d in a te d  w ith  a re a s o n a b le  d e g re e  
o f  s u c c e s s . D isc u ss io n  o f th e s e  e x p e rim e n ts  w i l l  be l im ite d  t o  th e  
d ie th y l  e s t e r ,  FPL 60521 XX (4 1 ), in  v iew  o f  th e  prob lem s e n c o u n te re d
i n  i s o l a t i n g  th e  p ro d u c ts  from  th e  r e a c t io n s  o f  th e  th r e e  sodium  
s a l t s  (FPL 60571 KP, FPL 61191 KP and FPL 51587).
As d e s c r ib e d  in  S e c tio n  6 .3 .2 ,  th e  p h e n y l- s u b s t i tu te d  chromone 
d e r iv a t iv e  (41) was r e a d i ly  mono- and d i - i o d in a t e d ,  and w ith  a l a r g e
e x c e s s  o f  I* , was t r i -  o r  even t e t r a - i o d i n a t e d .  The o r i e n t a t i o n  o f
s u b s t i t u t i o n  was somewhat u n ex p ec ted ; NHR e v id e n c e  in d ic a te d  t h a t  
th e  f i r s t  io d in a t io n  to o k  p la c e  a s  e x p e c te d  a t  th e  p a r a - p o s i t io n
o f  th e  phenyl r in g ,  b u t t h a t  th e  second  and t h i r d  io d in e  atom s
were in c o rp o ra te d  a t  f r e e  p o s i t i o n s  on th e  chromone py ran  r in g s .
F o llo w in g  th e  s u c c e s s fu l  io d in a t io n  o f  (4 1 ), a t t e n t i o n  was 
tu rn e d  t o  sodium  c rom og lyca te  i t s e l f ,  o r  r a t h e r  i t s  d ie th y l  e s t e r  
(4 9 ). F o r tu i to u s ly ,  a c e t i c  a c id  was added to  th e  e le c tro c h e m ic a l
c e l l  d u r in g  p ro d u c tio n  o f  I*  f o r  th e s e  i n i t i a l  e x p e rim e n ts . The
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re a g e n t so p roduced was fo u n d  t o  be ca p a b le  o f  th e  t e t r a -
i o d in a t i a n  o f  (49) w ith  c o n c u r re n t  O - a c e ty la t io n  o f th e  seco n d a ry  
a lc o h o l fu n c t io n . ¥hen th e  a c e t i c  a c id  v;ras o m itte d , th e  s u b s t r a t e  
vms decomposed by th e  I*  r e a g e n t ,  r e s u l t i n g  i n  a  m ulti-com ponen t 
m ix tu re  o f  u n id e n t i f i e d  p ro d u c ts .  The re a s o n  f o r  t h i s  i s  n o t 
c l e a r .  I t  was su g g e s te d  t h a t  th e  a c id  may have in h ib i t e d  b a s e -  
c a ta ly s e d  open ing  o f th e  p y ran  r in g .  An a l t e r n a t i v e  e x p la n a tio n  may 
sim ply  be t h a t  O -a c e ty la t io n  p re v e n ts  o x id a t io n  o f  th e  seco n d a ry  
a lc o h o l by I* .
The f i n a l  p a i r  o f  s u b s t r a t e s  exam ined were d e s g ly c in e  (51)
and rem acem ide (52 ). These compounds, b e a r in g  u n s u b s t i tu te d  pheny l 
g ro u p s, were c l e a r l y  s u b s t r a t e s  which would be io d in a te d  by I*  i n  
a c e t o n i t r i l e .  In  th e  f i r s t  in s ta n c e ,  b o th  compounds were r e a c te d  
v /ith  a sm a ll e x c e s s  o f  I*  f o r  a  s h o r t  t im e . A n a ly s is  o f  p ro d u c ts  
by mass s p e c tro sc o p y  co n firm ed  t h a t  th e  m onD -iod inated  d e r i v a t i v e s  
were p r e s e n t .  S in c e  th e  p r in c ip a l  aim  o f th e  work was t o  p roduce
p r e c u r s o r s  f o r  m u lt ip le  t r i t i a t i o n ,  th e s e  s t u d i e s  were fo llo w e d  by 
f u r th e r  e x p e rim e n ts  in  which th e  s u b s t r a t e s  w ere exposed to  a 
g r e a te r  e x c e s s  o f I* , f o r  a  lo n g e r  tim e . Under th e s e  c o n d i t io n s ,  
some d eco m p o sitio n  o f b o th  s u b s t r a t e s ,  b u t e s p e c i a l l y  rem acem ide,
m s  obse rved .
The re a s o n s  f o r  s e l e c t i n g  e le c tro c h e m ic a l  o x id a t io n  f o r  
f u r t h e r  s tu d y  have a l r e a d y  been o u t l in e d  in  th e  in t r o d u c t io n  t o  
t h i s  c h a p te r  <p 276 ). In  r e t r o s p e c t ,  i t  can  a d d i t io n a l ly  be c la im e d  
t h a t  th e  method was th e  m ost a p p ro p r ia te  w ith  r e g a rd  t o  th e  a im s 
o f  th e  ex p e rim e n ts , ¥ i t h  th e  e x c e p tio n  o f th e  work w ith  amino 
a c id  d e r i v a t i v e s  (S e c tio n  6 .2 ) ,  th e  a im  o f a l l  e x p e rim e n ts  d e s c r ib e d
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i n  t h i s  c h a p te r  was t o  p re p a re  p o ly io d in a te d  d e r iv a t iv e s  which 
c o u ld  be used  a s  p r e c u r s o r s  f o r  h ig h  s p e c i f i c  a c t i v i t y  t r i t i u m -  
l a b e l l e d  a n a lo g u e s . C le a r ly , ipso-dema t a l l a t i o n  p ro c e d u re s  le a d in g  to  
m o n o -io d in a ted  p ro d u c ts  would n o t have been  s u i t a b l e  f o r  t h i s
p u rp o se . M e rc u r ia tio n  may have r e s u l t e d  in  m u lt ip le  s u b s t i t u t i o n  
under f o rc in g  c o n d it io n s ,  b u t such  r e a c t io n s  a r e  n o t c o n v e n ie n t, nor
a re  th e  su b seq u e n t io d o d e m e ta l la t io n  s te p s .  D ir e c t  io d in a t io n  m ethods 
such  a s  R a d n e r 's  o r S u g iy am a 's  may have g e n e ra te d  th e  same I* 
s p e c ie s  a s  an o d ic  o x id a t io n , b u t much l e s s  r a p id ly ,  and i t  seem s 
u n l ik e ly  t h a t  th e  same d e g re e  o f s u b s t i t u t i o n  (.e.g. t e t r a - i o d i n a t i o n  
o f c ro m og lyca te  d ie th y l  e s t e r )  would have been  a t t a in a b l e .
To conc lude  a  t h e s i s ,  i t  would seem custom ary  t o  p ro p o se  
avenues f o r  f u r t h e r  r e s e a rc h .  In  t h i s  in s ta n c e ,  one avenue o f 
i n v e s t ig a t io n  i s  o b v ious, nam ely tb e  a p p l i c a t i o n  o f  e le c tro c h e m ic a l  
io d in e  o x id a t io n  to  a c tu a l  r a d io io d in a t io n .  As m entioned  above, th e  
s u b s t r a t e s  u sed  in  S e c tio n s  6 .3  and 6 .4  have been s tu d ie d  w ith  
t r i t i a t i o n  a s  th e  main g o a l.  To some e x te n t ,  th e  v/ork d e s c r ib e d
in  t h i s  t h e s i s  h a s  la c k e d  d i r e c t i o n  b ecau se  t h e r e  have been no 
s p e c i f i c  t a r g e t  m o lecu le s  f o r  r a d io io d in a t io n .  V a rio u s  m ethods have 
been exam ined w ith  o n ly  s im p le  model compounds and a sse ssm e n ts
o f th e  u t i l i t y  o f  th e s e  have been  made s o l e l y  on th e  b a s i s  o f  
l a r g e - s c a le  work w ith  n o n - ra d io a c t iv e  io d in e -1 2 7 . As many l i t e r a t u r e  
r e p o r t s  s u g g e s t , work w ith  n o n - ra d io a c t iv e  io d in e  o f te n  b e a rs  l i t t l e  
resem b lance  to  work on th e  n . c . a .  s c a le  w ith  r a d io io d in e .  The 
p rob lem s a r e  n o t j u s t  a m a tte r  o f sc a lin g -d o w n  r e a c t io n s ,  b u t a re  
more commonly due to  th e  v a r io u s  c o n ta m in a n ts  which a re  found in
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r a d io io d id e  p r e p a r a t io n s .  Numerous s p e c ie s  may be found  in  r a d io -  
io d id e  s o lu t io n s ,  some o f  w hich a re  added d e l i b e r a t e l y  (e.g. NaOB 
to  p re v e n t o x id a t io n  t o  v o l a t i l e  I^> , w h ile  o th e r s  a r i s e  from  
im p u r i t ie s  in  th e  t a r g e t s  em ployed i n  th e  n u c le a r  r e a c t io n s  used  
to  g e n e ra te  th e  r a d io i s o to p e s .  As B aldw in7 p o in te d  o u t, th e s e  
c o n ta m in a n ts  v a ry  c o n s id e ra b ly  betw een th e  v a r io u s  io d in e  is o to p e s ,  
and a ls o  v a ry  betw een b a tc h e s  o f th e  same i s o to p e ,  th e re b y  m aking 
n . c . a .  l a b e l l i n g  a s  much an  a r t  a s  a  s c ie n c e .  In  o rd e r  f o r  a 
com plete  com parison  o f  io d in a t io n  m e th o d o lo g ie s  t o  be made, i t  
would seem o f prim e im p o rtan ce  t o  compare t h e i r  s e n s i t i v i t i e s  t o  
commonly e n c o u n te re d  c o n ta m in a n ts . C le a r ly ,  t h i s  can  o n ly  be done 
by e x p e r im e n ta tio n  w ith  a c tu a l  r a d io io d id e  p r e p a r a t io n s  and a c tu a l  
t a r g e t  m o lecu les .
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